University of South Carolina

Scholar Commons
Theses and Dissertations
Spring 2022

Synthesis of Carborane Pincer Complexes and Exploration Of The
Reactivity of Metal-Boron Bonds
Hindurangalage Don Asela Chathumal Jayaweera

Follow this and additional works at: https://scholarcommons.sc.edu/etd
Part of the Chemistry Commons

Recommended Citation
Jayaweera, H. D.(2022). Synthesis of Carborane Pincer Complexes and Exploration Of The Reactivity of
Metal-Boron Bonds. (Doctoral dissertation). Retrieved from https://scholarcommons.sc.edu/etd/6725

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please
contact digres@mailbox.sc.edu.

SYNTHESIS OF CARBORANE PINCER COMPLEXES AND EXPLORATION OF
THE REACTIVITY OF METAL-BORON BONDS
by
Hindurangalage Don Asela Chathumal Jayaweera
Bachelor of Science
University of Colombo, 2015

Submitted in Partial Fulfillment of the Requirements
For the Degree of Doctor of Philosophy in
Chemistry
College of Arts and Sciences
University of South Carolina
2022
Accepted by:
Dmitry V. Peryshkov, Major Professor
Aaron K. Vannucci, Committee Member
Andrew B. Greytak, Committee Member
R. Michael Gower, Committee Member
Tracey L. Weldon, Interim Vice Provost and Dean of the Graduate School

© Copyright by Hindurangalage Don Asela Chathumal Jayaweera, 2022
All Rights Reserved.

ii

DEDICATION
To my parents and wife for all the unconditional love and support.

iii

ACKNOWLEDGEMENTS
I would like to extend my sincere appreciation to my research advisor Dr. Dmitry
V. Peryshkov for his guidance and support. The knowledge and skills that you gave
throughout the graduate studies helped me immensely to achieve the research success that
was presented in this dissertation.
In addition to my research advisor, I would like to thank my research doctoral
committee members Dr. Aaron K. Vannucci, Dr. Thomas Makris, Dr. Andrew B. Greytak
and Dr. Michael Gower for their valuable comments and insightful questions, which aided
me in better understanding the research that I carried out. In addition, finding the time in
their busy schedule for my research plan, research proposal and finally for the defense
exam.
I would also like to thank Dr. Mark Smith for solving the crystal structures, which
was a vital part in my research and Dr. Perry J. Pellechia for all the guidance and support
given to me in understanding complex NMR problems that came along the way in my
research.
I would like to acknowledge all the lecturers who was a part in my academic career
here at University of South Carolina as well as at University of Colombo.
I’m grateful for all the support I got from the Peryshkov group, Shustova group,
Vannucci group, Adams group and zur Loye group during my time as a graduate student.

iv

Also, all the friends who were there for me helping, encouraging and celebrating during
my time in the graduate school. In addition, all the staff members in the office of
Department of Chemistry and International Student Services for their help and support.
.

v

ABSTRACT
Exploration of transition metal complexes with metal-boron bonds for the
cooperative bond activation of small molecules in catalysis is one of the recent
developments in novel synthetic strategies. The use of boron clusters as a modular platform
for the formation of metal-boron bond has been successfully utilized by our and other
groups. Carboranes are icosahedral boron-carbon molecular clusters that have gained
attraction as multifunctional ligands due to their unique geometry, electronic properties,
and versatility of functionalization methods. Their 3-D structure exerts a steric bulk around
the exohedral substituent, either metal or non-metal center. Furthermore, due to the cluster
geometry, five of the cluster atoms are always in proximity with the exohedral metal center
vertex resulting in the possibility of 3-center-2-electron B–H…M bridging interactions that
support the 2-center-2-electron metal-boryl s-bond. The use of rigid tridentate pincer
ligands with carborane backbone and heteroatom donor groups allowed the synthesis of
transition metal B-carboranyl complexes through the activation of relatively inert cluster
B–H bonds. The unique geometry of the cluster with the pincer donor arms has resulted
the highly strained, electron rich metal-boron bonds that have the potential to act as
nucleophilic reaction centers in the bond activation of small molecules.
Transition metal benzyne complexes have been intensively studied due to their
ability of small molecule activation. The benzyne chemistry inspired the synthesis of the
transition metal carboryne complexes, which can be considered as 3-D inorganic boron-
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based analogues of benzynes, in many cases similar reactivity. The highly strained and
electron-rich metal-boron bonds in the three-membered (BB)>Ru metallacycle can act as
nucleophilic reaction centers in bond activation of small molecules.
In this dissertation, a novel synthetic stratergy was employed in synthesizing
(BB)>Ru carboryne complexes via neutral ruthenium carborane dichloride complex as an
intermediate, which allowed to install several classes of auxiliary ligands in trans- position
to boryls: nitriles and phosphines. The replacement of strongly bound π-accepting
carbonyls by these predominantly σ-donating and more labile ligands opened several new
reactivity manifolds. New examples of the reactivity of the ruthenium carboryne
bis(benzonitrile) complex in C-C bond activation of terminal alkynes, C-H bond activation
of the phenyl group, N=N bond activation of azides and C-H and C-C bond activation of
aldehydes was studied, in addition to the unique reactivity observed in ruthenium carboryne
bis(diphenylphosphine) complex for the aldehydes.
In addition, the presence of an exohedral 2-center-2-electron B-Ru bond and a 3center-2-electron B-H…Ru bond in the same metal complex with the metal hydride resulted
in catalytic activity in the transfer hydrogenation reaction. A series of boryl hydride
complexes (POBOP)Ru(H)(L) [L=PPh3, PHPh2, PEt3] were synthesized, which were used
as a platform for the assembly of heterometallic complexes.
Functionalization of the carbon vertex of the carborane cluster is carried out using
alkali metal-containing strongly basic reagents to generate carbon-centered nucleophiles.
The careful utilization of metal chelating ligands to capture and remove the metal center
from the metalated carbon vertex of the cluster generated strong carbon-centered
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nucleophiles with uncompensated negative charge on the carbon atom in these separated
ion pairs. The alkali metal cation was separated from the deprotonated cluster using metalchelating crown ethers, which allowed us for the first time to isolate, structurally and
spectroscopically characterize the highly nucleophilic “naked” 3-D carborane carbanion.
Analogously, the doubly deprotonated 1,1′-bis(o-carborane) yielded similar dianionic
“naked” carbanionic species serving as the first example of carbdianion.
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CHAPTER 1
BOND ACTIVATION OF SMALL MOLECULES BY METAL-BORON
BONDS IN CARBORANE CLUSTERS

Jayaweera, H. D. A. C. and Peryshkov, D. V. Bond Activation of Small Molecules by
Metal-Boron Bonds (In preparation for Dalton Transactions – Invited Review)
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1. Introduction
The icosahedral neutral boron clusters, closo-dicarbadodecaboranes C2B10H12, are
polyhedral clusters comprised of two carbon vertices and ten boron vertices bonded by
electron-deficient 3c-2e bonds that in turn results in the formation of three isomers
depending on the position of the carbon atoms in the cluster (1,2-, 1,7-, and 1,12-: o-,m-,
and p- carborane) (Figure 1.1).1–7 Carboranes are chemically robust molecules with unique
three-dimensional structure that exerts an increased steric bulk and, having two different
type of atoms (boron and carbon) in the cluster, exhibit unique electronic properties that
render them as inorganic “pseudoaromatic” three-dimensional benzene congeners.7–9
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Figure 1.1 The isomers of carborane (C2B10H12) with
the numbering scheme of the cluster. Unlabeled
cluster vertices represent BH units.

The comparison of van der Waals volumes between ortho-carborane (148 Å3),
adamantane (136 Å3), and benzene (79 Å3) provides an estimation of the steric bulk exerted
by these polyhedral clusters in potential ligand frameworks.10
The electron density of the cluster is delocalized and, depending on the connectivity
of the exohedral substituent to the cluster (i.e., when the cluster is connected through
carbon atoms it acts as an electron-withdrawing group whereas through boron atoms it acts
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as an electron-donating group), the carborane moiety can act as either an electronwithdrawing or an electron-donating subsituent.11–13 Furthermore, carborane molecule can
exhibit both s- and p- interactions depending on the electronic and geometric orientation
of the exohedral groups.13–18 The difference in the electronegativities between the carbon
and boron atoms and their orientation has an effect on the electron density at the vertexes
resulting in the boron atoms attached to both carbon atoms in ortho-carborane being more
electron-withdrawing than those in meta-carborane.1,10,19–21
Carborane clusters have been utilized in ligand design in conjunction with their
applications in electrochemistry, metal-organic frameworks, luminescent materials,
batteries, liquid crystals and photophysics.5,10,19,22–31
The unique three-dimensional geometry of the carborane cluster brings five
neighboring B-H/C-H bonds in proximity with an exohedral metal center that is covalently
bound, resulting in an unusual coordination environment, which is different from other
ligand platforms with planar aryl- and pyridine- backbones. The B-H bonds of the cluster
can serve as hemilabile neutral ligands along with potential vicinal bridging B-H…M
interactions that can stabilize low-coordinated metal centers.4–7,23,32–36 The relatively inert
B-H bonds of the cluster can be activated by the use of late transition metals resulting in
the formation of metal-boron interactions with unsupported and directing groups, which
has been utilized in a variety of functionalizations of the carborane cluster and activation
of different types of bonds in small molecules.
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The use of unsupported metal-boron interactions, together with directing group
influenced metal-boron interactions that have been utilized in bond activation and
functionalization will be discussed in greater detail below.
2. Unsupported metal-boron bonds in carborane clusters
The direct formation of metal-boron bonding interactions on the surface of the
carborane cluster via the activation of exohedral B-H bonds has only been reported in
several instances in the literature with Hg, Tl, Ir, and Os complexes due to the inert and
weakly coordinating nature of the unsubstituted carborane clusters.37–42 Moreover, the
activation of the metal-boron bond in Hg and Tl B-carboranyl complexes has been reported
to occur through homolytic decomposition under photolysis or pyrolysis.37–39 Hence, the
reactivity of these complexes has not been studied extensively due to the lack of structural
and spectroscopic information.
The formation of the unsupported palladium B-carboranyl complexes via the
oxidative addition of B-I bonds of iodocarboranes to Pd(0) metal centers has not been
achieved yet due to the rapid reversible nature of this oxidative addition, which favors the
starting material. It has been postulated to form the B-carboranyl palladium hydride
intermediate species, which irreversibly undergo reductive elimination of the carborane
moiety.43,44 Spokoyny and co-workers were able to report the formation of a palladium Bcarboranyl complex by the use of B-mercuro-carboranes (Figure 1.2). The attempt to
isolate the unsupported Pd-boryl complex has led to the formation of a heterobimetallic
compound of [XPhosPdCl{Hg(9-B-o-C2B10H11)}] with a rare unsupported direct Pd-Hg
bond, where this compound was able to access the transient Pd-boryl compound. The
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utilization of [XPhosPdCl{Hg(9-B-o-C2B10H11)}] as a pre-catalyst in the amidation crosscoupling reaction exhibited more convincing evidence for the existence of Pd-boryl and
the activation of the Pd-B bond for the formation of 9-B-(NH(COCF3))-o-C2B10H11 and 9B-(NH(COCF3))-m-C2B10H11 with the reaction of trifluoroacetamide with 9-B-iodo-mcarborane (Figure 1.2).45
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Figure 1.2 Examples of unsupported metal B-carboranyl complexes. Unlabeled cluster
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The unsupported Pt-boryl complex was reported initially by Zakharkin and
Pisareva in 1978 without structural or spectroscopic data. Spokoyny and co-workers were
able to synthesize and characterize the Pt-boryl complex, [PtCl(PPh3)2(9-B-m-C2B10H11)]
via the use of B-mercuro-carboranes, which has not been explored for the reactivity of the
Pt-boryl complex (Figure 1.2).45,46
3. Direct use of transition metal catalysts for the formation of metal-boron bonds in
carborane clusters and its reactivity
The direct functionalization of the B-H bonds in the cluster by the use of transition
metal catalysts that involves the activation of metal-boron bond for the synthesis of boron
substituted carboranes is an attractive synthetic method. In 1975, Hawthorne and
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coworkers reported the first intermolecular B-s-carboranyl iridium complex 3[(PPh3)2IrHCl]-1,2-C2B10H11 through the reaction of [Ir(PPh3)3Cl] and o-carborane (Figure
1.3).40 This complex undergoes reductive elimination of the carborane moiety by activation
of the metal-boron bond in the reaction with carbon monoxide or triphenylphosphine.
Furthermore, the iridium containing B-carboranyl complex that was synthesized in the
reaction of [Cp*IrCl2]2 and o- and m-carborane in the presence of proton sponge, reported
in 1987 by Sneddon and coworkers, undergoes a reaction with acetylenes to yield the
propenyl derivative of carborane via the activation of the metal-boron bond (Figure 1.3).41
In both of these, the formation of the metal-boron bond occurred in the B(3) position of the
ortho-carborane cage, which is consistent with the general trend that low-valent transition
metals preferentially activate cage H-B(3,6) bonds in oxidative addition reactions.40,41,47,48
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represent BH units.

Xie group has recently reported the use of an iridium catalyst, ([(COD)IrCl]2; COD
= 1,5-cyclooctadiene) for the selective diborylation of B(3,6) in ortho-carborane.49,50 The
intermediate iridium complex containing the metal-boron bond in the diborylation is shown
in Figure 1.3.
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Xie and Cao groups have employed this strategy by exploiting the reactivity
difference between cage B(9,12) and B(8,10) atoms for the selective functionalization of
carborane through boron-carbon coupling.51 Cao group has extensively used Pd(OAc)2 as
the palladium source for the coupling reactions that resulted in the arylation and
alkenylation of ortho-carborane to form novel compounds containing boron-carbon bonds
under mild reaction conditions (Figure 1.3).52,53 Xie group has used Pd(MeCN)4(BF4)2 for
the selective direct fluorination of carboranes to yield polyfluorocarboranes in addition to
the use of Pd(OAc)2 as the catalyst for the acetoxylation of carborane by Cao group (Figure
1.3). The proposed mechanisms for the transformations mentioned above are similar and
involve the electrophilic palladation of H-B(8,9,10,12) with Pd(II) and the subsequent
generation of Pd(IV) by oxidation of the substrate followed by the reductive elimination of
multi-substituted ortho-carborane moiety.48,54 The plausible mechanism involves the
formation of Pd(II)-Pd(IV)-Pd(II) species in the catalytic cycle.51,54
In addition to the functionalization of the H-B(8,9,10,12), another novel series of
compounds have also been reported by Cao group through arylation52, alkenylation53, and
chlorination55 of the B(8,9) of ortho-carborane via the use of Pd(OAc)2 as the catalyst for
the formation of metal-boron bond which is subsequently activated in the functionalization
process.
4. Directing group-assisted formation of metal-boron bonds in carborane clusters
The formation of metal-boron bonds via oxidative addition is a challenging but a
vital step in the functionalization of the carborane cluster with new substituents. Thus,
transition metals have been employed in the activation of B-H bonds of the cluster in a
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stoichiometric as well as in a catalytic manner. A more convenient and general strategy for
the activation of the B-H bonds in the carborane cluster would be to exploit the use of
directing groups attached to the neighboring vertices. The B-cyclometalated complexes
have been reported to form predominantly the late transition metal complexes of Ru, Rh,
Ir, Ni, Pd and Pt.40,56–60
The use of organic donor groups attached to the carborane cluster have been used
to direct the selective activation of neighboring cluster B-H bonds. For example, an iridium
catalyst ([Cp*IrCl2]2), was used for the selective activation of H-B(4) and alkenylation of
ortho-carborane whereas, Pd(OAc)2 has been employed for the selective dialkenylation of
H-B(4,5) in ortho-carborane via insertion of the alkene into the metal-boron bond (Figure
1.4).61,62 Additionally, the use of the same iridium catalyst together with halogenation
reagents resulted the selective H-B(4) halogenation, while the use of Pd(OAc)2 resulted the
formation of B(4,5)-diiodination with IOAc as the iodination reagent.63 The mechanisms
in both the alkenylation reactions are similar and involve the formation of a metal-boron
bond with the formation of a five-membered metallacycle (Figure 1.4) and the subsequent
activation of metal-boron bonds via the insertion of the alkene by the formation of a sevenmembered metallacycle that, in turn yields the functionalized product. The selective
activation of the more electron-rich H-B(4) by the Ir(III) species in a electrophilic
substitution yields a five-membered iridacycle.61 In the latter case, palladium goes through
the Pd(II)-Pd(0)-Pd(II) catalytic cycle with a five-membered palladacycle intermediate
having a Pd–B bond (Figure 1.4).62
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Similar to the alkenylation mentioned above, B(4)-arylation and B(4,5)-diarylation
was also reported in the presence of Pd(OAc)2 as the catalyst, which occurs in a stepwise
manner that allows the formation of unsymmetric B(4,5)-diarylated and B(4)-alkenylatedB(5)-arylated ortho-carboranes.64,65 The mechanism for this transformation has a close
resemblance to the acetoxylation shown above in Figure 1.3 that features the Pd(II)-Pd(IV)Pd(II) catalytic cycle with a Pd(IV)-containing five-membered palladacycles (Figure
1.4).54 Yan group recently reported the use of a Pd-catalyst (Pd(OAc)2) in the presence of
glycine or glyoxylic acid to subsequently in situ generate a carborane species that possess
a bidentate directing group, which in turn resulted in the formation of B(4)-arylation in
glycine and B(4,5)-diarylation in glyoxylic acid.66,67
In addition, Xie group has reported the application of an acylamino directing group
at B(3) of ortho-carborane for B(8)-arylation, B(4,7,8)-triarylation and B(4,7,8)trifluorination with the use of Pd-catalysts for the activation of cluster B-H bonds with
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consequent metal-boron bond activation leading to the derivatization.48,68 The phenomenon
of “cage-walking” was observed in this case where the metal center moves from the
electron-deficient B(4) vertex to the electron-rich B(8) vertex.
Other derivatives of ortho-carborane have also been synthesized using this method
which involves the activation of H-B(4) bonds resulting in the B(4)-alkynylated orthocarborane derivatives. For example, Xie group has used Pd(OAc)2 as the catalyst and have
further extended the investigation to the use of alkynyl halides where the catalytic cycle of
palladium involves the cycling between Pd(II)-Pd(0)-Pd(II).69,70 Furthermore, through
direct amination, B(4)-morpholinated-o-carborane derivatives have been synthesized by
using both Pd(OAc)2 and [Ru(p-Cymene)Cl2]2 as catalysts.71
Hydroxylation of B(4) of ortho-carborane was carried out with carboranyl
carboxylic acid in the presence of [Cp*RhCl2]2 with the formation of a five-membered
Rh(III) rhodacycle intermediate. This then undergoes subsequent oxygen insertion to form
the seven-membered rhodacycle in the reaction mechanism of the catalytic cycle by
activating the Rh-B bond.72 The same rhodium catalyst was used by Yan group to form the
B(3)-acyloxylated

and

B(3,6)-diacyloxylated

ortho-carborane

derivatives

which

undergoes a five-membered rhodacycle, having a Rh(III) center, with a Rh-B(3) bond that
consequently get activated in the acyloxylation.73
The metalated carboranyl intermediates mentioned above are a crucial parts of
reaction mechanisms and catalytic cycles, which demonstrates the importance of the
formation of the metal-boron bonds for the selective functionalization of the boron clusters.

10

5. Carborane-based pincer ligands
The use of directing groups has been further expanded to a more general route for
the selective formation of B-carboranyl complexes by utilizing bidentate and tridentate
ligand systems comprised of donor arms with directing groups.51,74–76 Pincer ligands
featuring two donor arms with a central binding site, which are rigid cyclometalated
tridentate systems with the combination of stability, reactivity, and modularity, are an
attractive ligand system that has been used in fundamental research including transition
metal coordination chemistry and homogeneous catalysis.34,77–80
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X = CH2, CH(OH), O: (POBOP)
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Figure 1.5 Carboranyl based pincer complexes.
Unlabeled cluster vertices represent BH units.

The properties of the pincer ligand architecture can be tuned by functionalizing the
donor arms, which allows for a control of the electronic and steric properties of the pincer
ligand, and selecting a backbone with a central donor atom that binds to the metal center
coplanar with the coordination site for the catalysis.35,77,78 The central anionic donor atom
is predominantly carbon-based, but there are pincer ligand frameworks with amido, silyl,
and phosphido moieties.81–85 The use of pincer complexes integrating a boron atom that
can feature a stable, strongly s-donor boryl moiety that can possess an accessible empty
orbital can be potentially explored in bond activation and catalysis.7,86,87 Amid the
multidentate ligand systems, boron containing borate, borane, boryl, and B-carboranyl
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complexes have been reported with metal-boron interactions that can exhibit a variety of
coordination modes and cooperative metal-ligand reactivity.6,88–94 Carborane clusters have
been incorporated in tridentate meridional pincer ligands as both the backbone while boron
atoms in the cluster serving as the central donor atom (Figure 1.5).33–35,95 Among the three
isomers of the carborane clusters, the pincer complexes with the closo-carborane are
predominantly based on the meta-carborane isomer. The unique bulky three-dimensional
geometry of the carborane cluster, which differs from the planar aryl- or pyridine systems,
combined with the functionalized thioether, pyridine, oxazoline, selenoether, and
phosphinite groups as donor arms in the pincer ligand framework, has resulted in the
synthesis of B-carboranyl (Figure 1.5) and BB>Ru carboryne pincer complexes.33–35,96 The
two-center-two-electron (2c-2e) exohedral metal-boron bond on the cluster surface has a
higher stability due to the steric influence exerted by the carborane cage.18,97
6. Pincer supported B-carboranyl complexes
6.1 NBN pincer complexes
Due to the multifaceted coordination ability and rigidity as coplanar NBNtridentate ligands, the Carbox (1,7-bis(oxazolinyl)-1,7-dicarba-closo-dodecaboranes)
structure has become an attractive chiral induction environment for a variety of transition
metals. The synthesis of the chiral NBN-pincer ligands has been carried out using an
analogous routine to the Phebox (bis(oxazolinyl)phenyl) ligands using a combination of
previously reported literature procedures.98,99
The Rh(III) pincer complexes of the Carbox ligands have been prepared using a
similar method reported by Nishiyama.98 The pincer ligands were heated with RhCl3×3H2O
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and NaHCO3 in a methanol/water solvent mixture resulting in the formation of the chloride
complex, which ultimately converts to the acetate complex with treatment of excess silver
acetate in dichloromethane. The nickel and palladium complexes were synthesized in a
similar manner where the pincer ligand was treated with the corresponding metal source,
Ni(COD)2 and Pd(CH3CN)4[BF4]2. The mixtures were refluxed in acetonitrile, followed by
the addition of (n-Bu)4NCl which provided the corresponding nickel and palladium
complexes respectively (Figure 1.6).34
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Figure 1.6 NBN-pincer complexes. Unlabeled cluster
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The combination of the structural rigidity and unique 3-D spatial arrangement of
Carbox complexes have been utilized in catalysis. The systematic understanding of the
steric and electronic parameters of the ligand systems in these NBN-pincer complexes were
exploited in corresponding chemical transformations. Reduction of an asymmetric
conjugate a,b-unsaturated esters and the reduction of the aldol reaction were carried out
using the [(S,S)-Carbox-iPr]Rh(OAc)2×H2O (Figure 1.6) as a chiral catalyst. The use of
enantioselective transfer hydrogenation to prochiral C-C bonds in the a,b-unsaturated
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carbonyl compounds, which generates a b-stereogenic center with high enantiomeric
excess (ee) was achieved by few catalysts. The enantioselectivity shown by the [(S,S)Carbox-iPr]Rh(OAc)2×H2O with the a,b-unsaturated esters (Figure 1.7) is similar to the
ones obtained by the Phebox ligands.98
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Figure 1.7 Reactivity studies of NBN-pincer Rh complex.

The asymmetric reductive aldol reaction of benzaldehyde, tert-butyl acrylate and
(EtO)2MeSiH with [(S,S)-Carbox-iPr]Rh(OAc)2×H2O (Figure 1.7) resulted in the
corresponding reductive aldol product.100 The electron deficient Phebox ligands were
preferable in catalytic asymmetric reductive aldol reaction.101 It has been porposed that due
to the electron deficient nature of the icosahedral carborane cage, the Carbox-Rh complex
exhibited higher enantioselectivity.
The ortho-carborane derived bis-pyridyl alcohol has been synthesized by the
reaction of dilithiated ortho-carborane with pyridinecarboxaldehyde.102,103 Similarly, the
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meta-carborane analogue has been also synthesized via the dilithiated meta-carborane with
the corresponding aromatic aldehyde at low temperature (Figure 1.8).35 The reactions of
corresponding ortho- and meta- carborane derived ligands and [PdCl2(MeCN)2] led to the
formation of the ortho- and meta- carborane pincer complexes with palladium as the metal
center. The pincer formation through the activation of the B-H bonds of the carborane
cluster to have the biscyclopalladation to obtain the six-membered metallacycle was
relatively easier for ortho-carborane derived ligand than for the meta-carborane based
ligand framework (Figure 1.8). The formation of the six-membered metallacycle is related
to the aryl-based palladium complexes of NCN ligands although the B-H bond is inversely
polarized compared to the C-H bond.104
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Figure 1.8 NBN-pincer Pd complexes of ortho- and
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The use of the NBN pincer palladium complexes as homogeneous catalysts have
been investigated via the Pd-catalyzed carbon-carbon bond formation process in the
Suzuki-Miyaura cross-coupling reaction.105 In the aqueous reaction media, 4methoxyphenylboronic acid and 4-bromoacetophenone has been used as the model
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substrates and the ortho-carborane based version of the NBN pincer palladium complex
was employed as the catalyst (Figure 1.9). In addition to the ortho-carborane Pd pincer
complex, meta-carborane counterpart was also used as the catalysts in this model reaction
resulting in the formation of the coupling product in an excellent conversion without the
formation of byproducts. Between these two Pd pincer complexes, the ortho-carborane
counterpart exhibited better catalytic conversion while in the absence of metal pincer
complex no carbon-carbon bond formation was observed. Even though no mechanistic
studies were done with the NBN pincer palladium complexes for the Suzuki coupling
reaction, the connection between the bond elongation of the Pd-Cl bond and the catalytic
activity in water was given as an evidence for the intermolecular H-bond formation.
Carbon-carbon coupling by oCB-Pd complex
O

B(OH)2
oCB-Pd

+
Br

O

O

O

Figure 1.9 Coupling reaction catalyzed by NBN pincer
palladium complex.

6.2 SeBSe and SBS pincer complexes
The synthesis of the palladium SeBSe pincer complex was carried in the reaction
of the SeBSe pincer ligand with Pd(CH3CN)4[BF4]2 to obtain the SeBSe Pd(II) complex
(Figure 1.10). According to the

11

B NMR spectra, complexation of Pd(II) to the SeBSe
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pincer ligand results in a 10 ppm downfield shift for the 11B resonance correlated with the
B-Pd bond that shows a singlet at d -0.7 ppm in the proton-coupled 11B NMR spectrum.33
Most often, in a “XBX” pincer architecture where X acts as the general heteroatom,
in addition to the commonly used N, O, P heteroatoms that act as the donor groups in the
ligand framework, a thioether was used here which demonstrates the applicability of
expanding the scope of donor atoms in the pincer ligand architecture with a carborane
backbone. Illustrating the aforementioned concept that would be of fundamental interest,
m-carborane derivative of the SBS pincer ligand was also synthesized. Palladium source,
Pd(CH3CN)4[BF4]2, was used in the reaction with the SBS pincer ligand to obtain the SBS
Pd(II) complex (Figure 1.10).33 Similarly to the SeBSe Pd(II) complex, the

11

B NMR

spectrum of the SBS Pd(II) complex indicated the formation of a thioether analogue of the
compound by exhibiting a singlet signal at d 0.8 ppm in the proton-coupled

11

B NMR

spectrum.33 These two compounds are the first examples of boryl pincer complexes.
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Mirkin & coworkers

Figure 1.10 SBS and SeBSe pincer Pd
complexes. Unlabeled cluster vertices represent
BH units.
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6.3 POBOP pincer complexes
The phosphinite ligand precursor, 1,7-OP(i-Pr)2-m-carborane (POBOP)H, has been
obtained in the reaction of 1,7-dihydroxy-m-carborane with diisopropylphosphine chloride
in the presence of excess triethylamine.96 The subsequent coordination of the metal to the
chelating phosphinite arms in the pincer ligand resulted in the geometrical proximity with
the exohedral hydrogen atoms of the cluster ensuing the activation of the B-H bonds. The
reaction of the (POBOP)H ligand with Rh(PPh3)3Cl resulted in the activation of one of the
B-H bonds in the cluster by forming the (POBOP)Rh(H)(Cl)(PPh3) complex with a direct
Rh-B bond that has a Rh(III) metal center (Figure 1.11). The strain on the Rh-B bond is
exerted by the chelating phosphinite arms of the carboranyl pincer ligand that are attached
to the carbon atoms of the 3-D carborane cluster causing the deviation from the typical
coplanar arrangement of pyridyl- and aryl-based pincer ligands resulting in a distorted
octahedral geometry.
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Figure 1.11 Synthesis of B-Carboranyl phosphinite complexes of Rh(III) and
Rh(I). Unlabeled cluster vertices represent BH units.

Subsequent addition of NEt3 to the (POBOP)Rh(H)(Cl)(PPh3) complex forced it to
undergo reductive elimination of HCl forming the (POBOP)Rh(PPh3) complex where the
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oxidation state of the Rh center changes from +3 to +1 (Figure 1.11). The 16-electron Rh(I)
complex undergoes oxidative addition in the reaction with iodobenzene forming fivecoordinate (POBOP)Rh(Ph)(I) complex with a Rh(+3) center (Figure 1.12).
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Figure 1.12 Oxidative addition of PhI to (POBOP)Rh(PPh3)
complex. Unlabeled cluster vertices represent BH units.

The reductive elimination from the (POBOP)Rh(Ph)(I) complex led to the cascade
activation of the vicinal B-H bond of the cluster that is in proximity to the Rh(III) metal
center upon heating in the presence of a donor solvent, acetonitrile, forming the Ru(III)
complex (POB(BPh)OP)Rh(H)(I)(CH3CN) with an octahedral geometry. The boron atom
vicinal to the Rh-B bond was derivatized with the phenyl group which was transferred from
the Rh(III) metal center in the reductive elimination step (Figure 1.13).
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Figure 1.13 Phenyl group migration and B-H activation.
Unlabeled cluster vertices represent BH units.
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This unique phenomenon featuring the activation of the vicinal boron atom to the
metalated boron center, illustrates the capability of the carboranyl unit to act in cooperative
metal-ligand reactivity. In addition, it acts as a spectator supporting ligand in the pincer
architecture by imposing an extensive strain on the metal-boron bonds and contribute to
the enhanced reactivity in the reductive elimination via the formation of the aryl-Bcarboranyl moiety. This example illustrates the sequential double B-H activation with an
intra-molecular aryl group transfer is an unprecedented instance where the effect of the
highly strained metal-boron bond’s influence has been demonstrated.96
In addition to the (POBOP)Rh(PPh3) complex, which exhibited a cascade reactivity
shown above, the reaction of the (POBOP)H ligand with anhydrous NiCl2 resulted in the
formation of a (POBOP)NiCl complex with one of the B-H bonds adjacent to the two
carbon atoms in the cluster getting activated and the Ni center binding to the carborane
cluster upon coordination to the donor arms of the ligand, resulting in the formation of an
exohedral B-Ni bond (Figure 1.14).106 The proton-coupled 11B NMR spectrum indicated
the absence of the hydride on the metalated boron atom judged by its appearance as a
singlet signal while the complex exhibited a square-planar geometry confirmed by the Xray crystal structure.107–110
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Figure 1.14 Synthesis of (POBOP)NiCl complex.
Unlabeled cluster vertices represent BH units.
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The (POBOP)NiCl complex was reacted with an oxidizing agent, molecular iodine
(I2), resulting in the activation of the B-H bond adjacent to the metal center with the
formation of a B-I bond, which is the second example of a derivative of m-carborane with
an iodine atom vicinal to the metalated boron atom in the cluster.111–117 Even though the
sequential elementary steps of this transformation were ambiguous, it has been speculated
that the initial step of the reaction may occur through the formation of a Ni(III) intermediate
that contains a metal-boron bond and two halide ligands at the metal center (Figure 1.15).106
The consequent reductive elimination of the iodo-carborane moiety results in the B-I bond
formation, and the metal center activates the proximal vicinal B-H bond of the cluster. The
nickel center is re-oxidized to Ni(II) after the activation of the B-H bond exhibiting a
complete transformation resulting in a migration of the metal center from one boron atom
of the cage to another, similar to the (POBOP)Rh(PPh3) complex where the adjacent B-H
bond was metalated in a sequence of reductive elimination/oxidative addition reactions
(Figure 1.13).96 The second iodination of the boron atom of the ligand, which is promoted
by the nickel center in the presence of the excess I2, confirms the proposed mechanistic
scenario of the metal migration on the cluster surface promoting the activation of the
vicinal B-H bonds.
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Figure 1.15 Formation of a possible Ni(III) intermediate. Unlabeled cluster
vertices represent BH units.
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B

B

I

Moreover, the multiple B-H bonds surrounding the metalated boron vertex of the
cluster in principle can be activated thus acting as hemilabile neutral ligands. The capability
of the metal center to migrate on the cluster surface by reversibly activating the B-H bonds
results in the intramolecular interconversion between the B-H…Ru and B-Ru-H
interactions.118 Coordination of the ruthenium metal with a terminal hydride ligand to the
carborane cluster with the use of the POBOP carboranyl pincer ligand yields the formation
of the (POBOP)Ru(H)(PPh3) complex (Figure 1.16).118
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Figure 1.16 Synthesis of (POBOP)Ru(Cl)(PPh3) and (POBOP)Ru(H)(PPh3)
complexes. Unlabeled cluster vertices represent BH units.

The underlying open coordination site in the (POBOP)Ru(H)(PPh3) complex was
explored in catalytic dehydrogenation of alkanes to produce alkenes, which are directly
involved in the activation of the Ru-B bond. The migration of the metal center on the
surface of the boron cage can happen through the formation of either a Ru(0) diborane
complex or a Ru(IV) diboryl dihydride intermediate with the “pendulum”-like swing of the
-PPh3 group subsequent to (borane)-(boryl/hydride) conversion. The theoretical
calculations inferred the process happening through the five-coordinated Ru(0)
intermediate (Figure 1.17).
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Figure 1.17 The pendulum clock-type fluxional behavior of the
(POBOP)Ru(H)(PPh3) complex. Unlabeled cluster vertices represent BH units.

The catalytic dehydrogenation of cycloalkane (cyclooctane) to cycloalkene
(cyclooctene) with the use of a hydrogen acceptor (tert-butylethylene) under inert
atmosphere exhibits the mechanism of transformation involving the cycling between both
Ru(0) and Ru(IV) species which corresponds to an iridium pincer catalyst that cycles
between an Ir(III) and Ir(I) species reported by Krogh-Jespersen and Goldman.119 The
distortion of the B-Ru bond in the (POBOP)Ru(H)(PPh3) complex is due to having both
anionic (boryl) and neutral (borane) ligands making it more reactive which results in the
migration of the metal center between neighboring boron atoms in the cage. This was
utilized in transfer dehydrogenation of cycloalkanes via activation of metal-boron bonds.
The interaction of the terminal hydride in the (POBOP)Ru(H)(PPh3) complex with
BH3(SMe2)

yielded

the

selective

formation

of

arachno-2-metallaborane

(POBOP)Ru(B3H8) with adjoining boryl and borane groups.120
7. Pincer-supported carborane multiple metal-boron bonds in [(BB)>Ru carboryne]
The capability of activating a variety of small molecules in addition to the synthetic
utility in organic synthesis has made transition metal benzyne complexes studied
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extensively in organometallic chemistry.121–124 The 1,2-dehydro-o-carborane C2B10H10
((CC)-carboryne) exhibits 3-D nature due to the carborane molecule, analogous to benzyne
with transition metal carboryne complexes retaining a 3-membered (CC)>M (M = Ni, Pd,
Pt, Ti, Zr and Hf) metallacycle (Figure 1.18).8,125–132 These transition metal (CC)-carboryne
complexes have undergone regioselective insertion and multicomponent cycloaddition
reactions with unsaturated small molecules.133–137 Similarly, Peryshkov and coworkers
have reported the first example of the carboryne analogue containing two neighboring
boron atoms in the carborane cluster connected to an exohedral metal center resulting in
the formation of (BB)-carboryne complex (Figure 1.18).138 This double B-H activation has
been enforced by the strained pincer ligand architecture in the complex ensuring the
synthesis of the (BB)>Ru metallacycle. The highly electron rich metal-boron bonds in this
(BB)>carboryne complex have been utilized to react with electrophiles such as unsaturated
small molecules and Lewis acidic late transition metal fragments.
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Figure 1.18 Metal complexes of (CC)carboryne, (BC)-carboryne and (BB)-carboryne.
Unlabeled cluster vertices represent BH units.
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The novel POBOP (POBOP = 1,7-OP(i-Pr)2-m-carboranyl) pincer ligand
framework has constrained the formation of the highly strained metal-boron bonds
facilitated by the chelating phosphinite arms and the 3-D carborane cluster by activating
25

two neighboring B-H bonds in the cluster (Figure 1.19). The
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carboryne complex exhibits a signal at 217.1 ppm whereas the

11

P spectrum of the Ru
B spectrum exhibits a

signal pattern of 2:2:4:2 with a signal at -2.8 ppm corresponding to the two boron vertices
that are connected to the metal center.
The unusual coordination chemistry of the cluster with the metal center imposes a
highly strained Ru-B bonds in this carboryne complex which was utilized in the synthesis
of heterobimetallic complexes with other Lewis acidic secondary metal fragments (M =
Cu+, Ag+, Au+, Pd0) by direct formation of metal-metal bonding interactions. The two 2c2e B-Ru bonds in the metalacycloboroporpane exhibit an enhanced reactivity due to the
distortion of the electron rich B-Ru exohedral bonds acting as nucleophilic reaction centers.
Peryshkov and coworkers reported the first example of the synthesis of heterobimetallic
complexes containing B-M-Ru-B bridging interactions of closo-carborane clusters with
exohedral B-Cu, B-Ag, and B-Au bonding interactions (Figure 1.20).32 In the bimetallic
complexes, the metalated boron atoms exhibit two signals in the 11B NMR where one signal
shows a significant downfield shift corresponding to the boron atom bound to the coinage
metal cation, that is different from the parent (BB)>Ru carboryne complex (11B = -2.8 ppm)
indicating the activation of one of the B-Ru bonds. Furthermore, the single crystal X-ray
diffraction studies have indicated the B-M-Ru interactions corroborating the insertion of
the secondary metal fragments by the activation of the B-Ru bond.
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This novel synthetic strategy was successfully utilized in the formation of
multimetallic complexes supported on the carborane cluster surface. This presents a unique
synthetic strategy involving the activation of an exohedral metal-boron bond in the cluster
for the synthesis of exohedral metal-boryl interactions in carborane clusters by Lewis
acidic coinage metals, since the direct activation of B-H bonds in the carborane cluster by
these Group 11 metals has been unknown at the time.
This synthetic manipulation was further expanded by exploring the remaining BRu bond in the (BB)>Ru carboryne metallacycle for the formation of trimetallic Ru-Pd-Cu
complex of carborane cluster (Figure 1.21).139 The stepwise addition of each Lewis acidic
metal component resulted in the formation of the bimetallic and trimetallic complexes on
the cluster surface. The 14e neutral Pd0(PtBu3) moiety acted as an electrophile, reacting
with the strained nucleophilic Ru-B bond in the (BB)>Ru carboryne complex. This results
the activation of the metal-boryl bond by the formation of a direct Pd-B bond with the
cluster in addition to the Pd-Ru bonding interaction. The metalated boron atoms in the
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cluster, shows signals at -2.8 and 2.1 ppm in the 11B spectrum with a Pd-B (2.049(3)Å) and
a Ru-B (2.143(3)Å) bonding interactions. The remaining Ru-B bond was activated by
another stronger Lewis acidic d10 cation for the formation of the trimetallic Ru-Pd-Cu
complex of the carborane cluster. The cluster boron atoms then exhibit a direct interaction
with the Pd and Cu metals in addition to Pd-Ru and Cu-Ru interactions (Figure 1.21). The
trimetallic complex indicated signals at -7.5 and -0.7 ppm for the two metalated boron
vertexes in the carborane cluster in the 11B spectrum while forming Ru-Cu (2.053(4)Å) and
B-Pd (2.200(4)Å) bonding interactions.
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Figure 1.21 Insertion of Pd and Cu metals to BB>Ru metallacycle to the selective
formation of bimetallic and trimetallic complexes. Unlabeled cluster vertices represent BH
units.

In addition to the activation of B-Ru bonds in the (BB)>Ru carboryne complex by
the Lewis acidic metal moieties, it has also shown the capability of reacting with other
small inorganic and unsaturated organic molecules in bond activation transformations. The
electron-rich B-Ru bonds in (BB)>Ru carboryne complex serve as nucleophilic reaction
centers differing from the other B-carboranyl complexes.140
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The reactions in Figure 1.22 involve the opening of one of the B-Ru bonds in the
parent (BB)>Ru carboryne complex while the other B-Ru bond remains intact by forming
the metalated B-carboranyl complex. The reaction of the (BB)>Ru carboryne complex with
ethyl propiolate, a terminal alkyne, undergoes deprotonation across the B-Ru bond with
the subsequent formation of B-carboranyl acetylide Ru(II) complex. The reaction with I2
formed a B-carboranyl complex with a vicinal B-I bond and a rare example of a B-I…M
bridging interaction.141 The reaction of 3-hexyne, an internal alkyne, which usually
undergoes [2+2] cycloaddition reactions with benzyne complexes, exhibited cycloaddition
to the (BB)>Ru carboryne complex via the activation of one of the metal-boron bonds
while the other remains unreacted resulting in the formation of a B-carboranyl. The neutral
Lewis acid BH3×SMe2, resulted in the formation of a rare exohedral boron-boron bond in
the carborane cluster with a (B)-B(H)2-H…Ru interaction by activating the metal-boron
bond resulting a Ru(II) complex with a borylhydroborate ligand. The reactivity trend in
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these transformations demonstrates the distinction between the (BB)>Ru carboryne
complex compared to (B)-Ru carboranyls in perspective of reactivity.
8. Summary and outlook
The different isomers of carborane clusters have been utilized in the formation of
metal-boron bonds with direct unsupported synthetic manipulations and with the use of
directing donor groups. The activation of these metal-boron bonds has been utilized in
catalytic cycles apart from functionalization of the carborane cluster itself.
The use of the 3-D carborane cluster as the ligand backbone and the utilization of
phosphinite donor arms to coordinate to late transition metals in the pincer ligand
framework has opened a new synthetic strategy for the formation of metal-boron bonds.
These metal-boron bonds are highly strained and can act as nucleophilic reaction centers
in bond activation of small molecules. Furthermore, due to the 3-D nature of the carborane
cluster and having several cluster atoms around the metalated boron vertex, these
complexes have the capability of accommodating metal-boron bonds vicinal to the B-H…M
agostic interactions.
In the work on this dissertation, the novel synthetic routes for the formation of
(BB)>metal carboryne complexes with highly strained metallacycles containing multiple
metal-boron interactions were explored by harmonizing the s-donor and p-acceptor
abilities of the supporting auxiliary ligands and the BB-carboryne moiety. Moreover, the
formation of B-H…M interactions vicinal to the B-M boryl group and the formation of Bcarboranyl complexes with different auxiliary ligands at the metal center will be discussed,
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in addition to the application of these highly strained reactive metal-boron bonds in bond
activation of small molecules.
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CHAPTER 2
EXPANDING THE SCOPE OF THE SYNTHESIS AND REACTIVITY
OF (BB)>Ru CARBORYNE PINCER COMPLEXES

Jayaweera, H. D. A. C.; Smith, M. D; Peryshkov, D. V. Expanding the Scope of the
Synthesis and Reactivity of (BB)>Ru Carboryne Pincer Complexes. (In preparation for
Inorganic Chemistry)
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1. Introduction
The significant development in the inorganic synthesis have resulted in the growing
number of transition metal complexes with metal-boron bonding interactions with different
coordination modes.1–4 In comparison to the transition metal complexes with metal-carbon
bonds that has been utilized in bond activation and catalysis, the use of less electronegative
boron counterparts containing metal-boron bonds for the application in catalysis has been
an under explored area of organometallic chemistry, even though the electron rich metalboron bond itself can act as a nucleophilic reaction center that is prone to undergo bond
activation in catalytic cycles.5
The use of icosahedral boron clusters, closo-dicarbadodecaboranes (C2B10H12) for
the formation of metal-boron bonds is an attractive synthetic stratergy employed for the
formation of metal-boron bonds in transition metal complexes. The use of unsupported
direct metal-boron bonds, in addition to the directing group assisted metal-boron bonds
have been reported in literature.6-19 These have been employed in the functionalization of
the boron vertices in the cluster itself while also participating as intermediate species in
catalytic cycles. Furthermore, carborane clusters have been utilized in coordination
chemistry extensively for the synthesis of novel types of ligands in addition to the
applications in pharmaceuticals, metal-organic frameworks, luminescent materials, liquid
crystals, photophysics, and electrochemistry.20–27
Expanding the directing group assisted B-H bond activation to form metal-boron
bonds in a carborane clusters, carborane molecule has been incorporated to pincer ligand
framework as the central backbone. The rigid tridentate pincer ligand architecture has the
capability to harmonize the stability, reactivity, and modularity in one system.28–31
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Different types of heteroatom donor arms (thioether, pyridine, oxazoline, selenoether, and
phosphinite groups) have been used to coordinate to the late transition metal centers to
activate the inert B-H bonds and facilitate metal-boron interactions.32–35 The unique 3-D
structure of the carborane cluster differs from the planar aryl- or pyridine backbones that
have been used in traditional pincer complexes. Furthermore, due to the unusual geometry,
five neighboring B-H/C-H bonds are in close proximity to interact with the exohedral metal
center forming direct C-M, B-M, and B-H…M agostic interactions.5,20,32–34,36–40 The
electronegativity difference between carbon and boron atoms residing in the same cluster
and their mutual location result in a unique electronic environment around the metal center
bonded to the cluster vertices.41–43 The B-carboranyl metal complexes with a variety of
pincer ligand frameworks have been reported to show unusual structural and reactivity
properties (i.e., cage-walking, pendulum clock fluxional behavior, etc.)5,35,44,45. In addition,
complexes similar to transition metal benzyne have also been synthesized where two
neighboring atoms of the cluster are coordinated to a single metal center. The coordination
can happen in a variety of ways resulting in the formation of inorganic 3-D analogues of
benzyne complexes. The formation of (CC)>M (M = Ti, Zr, Hf, Ni, Pd, Pt) complexes
along with (BC)>M (M = Ni. Pd) have been reported in the literature.46–54 Interestingly,
there is only one example of the formation of (BB)>M (M = Ru) complex reported in the
literature by Peryshkov and coworkers in 2016.55 The reported Ru carboryne bis(carbonyl)
complex was synthesized via the activation of two neighboring B-H bonds in the novel
POBOP (POBOP = 1,7-OP(i-Pr)2-m-carboranyl)) pincer ligand framework (Figure 2.1).
The highly strained Ru-B bonds in the complex have been utilized in the bond activation
of small molecules. The reactivity trend shows a higher stability of the complex due to the
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carbonyl supporting auxiliary ligands that are reluctant to dissociate from the metal
complex, resulting in the limited reactivity restricted only to that of one metal-boron bond.
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Figure 2.1 (POBBOP)Ru(CO)2 carboryne complex and the
novel (BB)>Ru carboryne complexes with new supporting
auxiliary ligands. Unlabeled cluster vertices represent BH
units.

Herein, a novel synthetic approach was established to expand the synthetic scope
and explore the reactivity of (BB)>Ru carboryne complexes with more labile supporting
auxiliary ligands that have the capability to stabilize the (BB)>M carboryne complex by
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harmonizing the s-donor p-acceptor nature of the complex (Figure 2.1). The novel
(BB)>Ru carboryne complexes reported here demonstrated the reactivity trends previously
unknown for the Ru carboryne bis(carbonyl) complex, due to having more labile
supporting auxiliary ligands.
2. Results and Discussion
2.1 Synthesis of Ru carboryne bis(benzonitrile) complex
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Figure 2.2 Synthesis of (POBBOP)Ru(H)2Cl2 and (POBBOP)Ru(C6H5CN)2 complexes
(POBBOP = 1,7-OP(i-Pr)2-2,6-dehydro-m-carborane). Unlabeled cluster vertices
represent BH units.

The reaction of the phosphinite ligand precursor, 1,7-OP(i-Pr)2-m-carborane
(POBOP)H (1) with [Ru(p-cymene)Cl2]2 for 48 h at 90 °C in a mixture of toluene and THF
in a storage tube resulted the initial formation of the neutral Ru carborane dichloride
complex (2) as a single product (Figure 2.2). The clean product formation was confirmed
by the presence of a singlet signal at 196 ppm in the 31P{1H} NMR spectrum. The most
interesting spectral feature of complex (2) was the quartet observed at -9 ppm (1JB-H
= ̴100Hz) region of the 1H NMR spectrum. Usually, the BH groups of the carborane cage
give broad signals in the region from 1.5 to 4.5 ppm, whereas the Ru-H hydride gives a
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sharp signal in the region of -15 to -20 ppm. Thus, the quartet is observed in the vicinity of
-9 ppm is due to the pair of B-H…Ru interactions observed in the complex (Figure 2.3).
The signal is observed as a quartet due to the coupling of the bridging H atoms with the B
atoms of the carborane cage. Furthermore, the 11B-1H COSY (COrrelated SpectroscopY)
NMR spectrum clearly shows the interaction between the cage B atoms and the bridging H
atoms. According to the NMR spectral data, complex (2) has a C2v symmetry which was
confirmed by the single-crystal X-ray diffraction study. Single crystals of the complex (2)
were obtained by slow evaporation of a saturated hexane solution at room temperature and
the molecular structure was elucidated by single-crystal X-ray crystallography (Figure 2.3).
According to the crystal structure, the ruthenium metal center is coordinated to the
carborane cage without the activation of B-H bonds and two chloride ligands occupy
positions trans- to the carborane ligand.
Complex (2) possesses a distorted octahedral geometry with a highly strained B1Ru1-B2 bond angle of 44.90(8)° and a less strained bond angle (Cl1-Ru1-Cl2 =
85.748(18)°) between two chloride ligands that are cis to each other. The ruthenium metal
center is connected to the carborane cage via two B-H…Ru bonding interactions with a
bond distance of Ru1-B1 = 2.250(2) Å and Ru1-B2 = 2.251(2) Å which are slightly longer
than the direct Ru-B bond distances observed in carboryne complex.55
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Figure 2.3 Displacement ellipsoid plot (50% probability) of the
C2B10H10(OP(iPr2))2Cl2Ru (2). Atoms belonging to isopropyl groups of the ligand arms
have been omitted for clarity. Selected bond distances (Å) and angles (deg): Ru1-B1 =
2.250(2), Ru1-B2 = 2.251(2), B1-B2 = 1.719(3), Ru1-Cl1 = 2.3693(5), Ru1-Cl2 =
2.3794(5), B1-B2-Ru1 = 67.52(10), B2-B1-Ru1 = 67.58(10), B1-Ru1-B2 = 44.90(8),
Cl1-Ru1-Cl2 = 85.748(18).

The synthesis of the Ru carboryne bis(benzonitrile) complex by the activation of
two adjacent B-H bonds of the carborane cage was carried out without the isolation of
complex (2) in a one-pot reaction by the sequential addition of benzonitrile and a strong
base, potassium tert-butoxide (Figure 2.2). First, benzonitrile was added in excess to
complex (2) and heated at 60 °C for 4 h resulting in the formation of multiple products
according to

31

P{1H} NMR spectroscopy. The subsequent addition of potassium tert-

butoxide and stirring the reaction mixture at room temperature for 72 h resulted in the
complete conversion to a single product, complex (3) according to the

31

P{1H} NMR

spectroscopy with a signal at 207 ppm. In the 11B NMR spectrum, two metalated B atoms
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of the carborane cage give rise to a singlet at -2.78 ppm and, interestingly, in the 1H
spectrum, no signal was observed in the region between 0 and -20 ppm indicating the
absence of B-H…Ru (and Ru-H) interactions that were observed in complex (2). Single
crystals of complex (3) were obtained by the slow evaporation of a saturated hexane
solution at room temperature. The crystal structure revealed the interaction of two adjacent
B atoms of the carborane cage with the Ru(II) metal center possessing a distorted octahedral
coordination geometry to complex (3) (Figure 2.4). The exohedral Ru-B bond distances for
complex (3) (Ru1-B1 = 2.110(7) Å and Ru1-B2 = 2.185(7) Å) are slightly shorter than the
Ru-B bond distances reported for the Ru carboryne bis(carbonyl) complex.55 The B2-B1Ru1 angle of 68.5(3)° and B1-B2-Ru1 angle of 64.0(3)° are the smallest reported exohedral
B-B-M angles for icosahedral boron clusters reported to date. Two boron atoms of the
carborane cage are coordinated to the ruthenium metal center with a bond angle of B1Ru1-B2 = 47.5(3)° exhibiting a higher bond strain as a result of the metal atom being in
proximity with the carborane cage due to coordination with the chelating phosphinite
pincer arms. Two benzonitrile groups that are trans- to the carboryne ligand coordinated
to the metal center with a much less strained N1-Ru1-N2 bond angle of 89.41(18)°.
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Figure 2.4 Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2(C6H5CN)2Ru (3). Atoms belonging to isopropyl groups of the ligand
arms have been omitted for clarity. Selected bond distances (Å) and angles (deg): Ru1-B1
= 2.110(7), Ru1-B2 = 2.185(7), B1-B2 = 1.730(10), Ru1-N1 = 2.068(5), Ru1-N2 =
2.073(5), Ru1-B1-B2 = 68.5(3), Ru1-B2-B1 = 64.0(3), B1-Ru1-B2 = 47.5(3), N1-Ru1N2 = 89.41(18).

2.2 Reactivity studies of Ru carboryne bis(benzonitrile) complex
Carboryne complexes can be structurally classified as the boron analogues of
benzyne complexes, but the reactivity trends can be different due to metal-boron bonds
being more electron-rich and, therefore, they are more likely to act as nucleophilic reaction
centers when compared to metal-carbon bonds of benzyne complexes. The previously
reported Ru carboryne bis(carbonyl) complex has shown reactivity mainly centered in the
Ru-B fragment of the complex in the activation of small molecules.55 The reason behind
the dominance of this type of a reactivity can be attributed to the σ-donor π-acceptor
interaction of the carboryne ligand that is trans to the carbonyl groups in this complex.
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Thus, in the case of complex (3), it can be hypothesized that with benzonitrile groups,
which are weaker π-acceptors than carbonyl groups, in trans position to the carboryne
ligand, the complex will exhibit a different type of reactivity in the activation of small
molecules. The reactivity studies of complex (3) were carried out with a set of reactions
that has been characteristic for benzyne complexes.
2.2.1 C-C bond activation reaction of phenylacetylene
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Figure 2.5 Cycloaddition of phenylacetylene to Ru carboryne
bis(benzonitrile) complex (3). Unlabeled cluster vertices represent BH
units.

Phenylacetylene was added to a solution of complex (3) in THF at room
temperature resulting in the selective clean formation of product (4) (Figure 2.5) according
to 31P{1H} NMR spectroscopy giving rise to a singlet at 199.34 ppm. In this reaction, even
in the presence of excess phenylacetylene, exclusively one of the Ru-B bonds and the C-C
bond of the phenylacetylene became activated resulting in the formation of a fivemembered [2+2] cycloaddition product (Figure 2.6) by converting the carboryne ligand
into a carboranyl ligand. Although, there is the possibility of two structural isomers where
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the C atom of the phenyl ring can coordinate either to the B atom of the Ru-B bond or to
the ruthenium metal center, only one isomer was formed, which was confirmed by both
NMR spectral data and the single crystal X-ray structure. The single crystals of complex
(4) were grown from the slow evaporation of a saturated solution of hexane at room
temperature. The Ru1-B1 bond distance in the crystal structure of (4) is 2.045(5) Å which
is slightly shorter than the Ru-B bond distances (B-Ru = ̴ 2.1 – 2.2 Å) observed in carboryne
complexes. This is due to the relief of the bond strain in the BB>Ru metallacycle by
activation of one of the Ru-B bonds in the complex. Interestingly, two Ru-N bond distances
of the benzonitrile have differed noticeably (Ru1-N1 = 2.106(4) Å and Ru1-N2 = 2.071(4)
Å) exhibiting the trans influence exerted by the electron rich boryl ligand that is trans to
the Ru1-N1 bond facilitating the slight elongation. Even though, complex (4) has a slightly
distorted octahedral geometry, N1, N2, B1, and C4 atoms are coordinated to the Ru metal
center in an almost ideal orthogonal manner (i.e., angles; N2-Ru1-C4 = 177.83(16)° and
N1-Ru1-B1 = 176.20(18)°).
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(b)

(a)

Figure 2.6 Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2(C6H5CN)2Ru(HCCPh) (4). (a) A general view; (b) a view
perpendicular to the (B1-B2-N1-N2-Ru1-C3-C4) plane. Atoms belonging to isopropyl
groups of the ligand arms have been omitted for clarity. Selected bond distances (Å) and
angles (deg): B1-Ru1 = 2.045(5), B1-B2 = 1.813(7), B2-C3 = 1.525(7), C3-C4 =
1.349(6), C4-Ru1 = 2.108(4), Ru1-N1 = 2.106(4), Ru1-N2 = 2.071(4), B2-B1-Ru1 =
105.0(3), B1-Ru1-N1 = 176.20(18), C4-Ru1-N2 = 177.83(16).

In the reaction of the previously reported Ru carboryne bis(carbonyl) complex with
a terminal alkyne, instead of undergoing a cycloaddition reaction typical for benzyne
complexes reported in literature, a product with a formal oxidative addition across the RuB bond resulting in the selective formation of B-carboranyl acetylide Ru(II) complex was
observed.55 However, the ruthenium carboryne bis(benzonitrile) complex (3) exhibited a
similar reactivity to benzyne complexes reported in the literature with terminal alkynes
undergoing a cycloaddition reaction, i.e., the reaction of tert-butylacetylene with a Nibenzyne complex where the terminal alkyne activated the C-Ni bond resulting in a fivemembered cycloaddition product.56
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2.2.2 C-H bond activation of the phenyl ring
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Figure 2.7 C-H bond activation of the phenyl ring by Ru carboryne
bis(benzonitrile) complex (3). Unlabeled cluster vertices represent BH
units.

The reaction of complex (3) with triphenyl bismuth in a mixture of THF and toluene
at 70 °C for 14 h resulted in the formation of complex (5) by activation of one of the Ru-B
bonds in the carboryne complex as well as a C-H bond in the phenyl ring making a fivemembered cyclic product (Figure 2.7). The product was characterized by using NMR
spectral data and X-ray crystal analysis. The reaction resulted in a clean conversion to
complex (5) which was confirmed by a singlet at 200.27 ppm in 31P{1H} spectrum. Single
crystals of the complex were obtained by slow evaporation of a saturated diethyl ether
solution at room temperature. The crystal structure revealed a distorted octahedral
geometry around the metal center with two benzonitrile groups each coordinated trans to
the boryl ligand and to the phenyl ring. Similarly to the case of complex (4) the two Ru-N
bond distances have become noticeably different (Ru1-N1 = 2.1163(19) Å and Ru1-N2 =
2.0859(18) Å) due to the trans influence exerted by the boryl ligand which is trans to the
Ru1-N1 bond (Figure 2.8). Furthermore, the five-membered ring structure and the two
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benzonitrile ligands are coordinated to the metal center in an ideal square-planar geometry
with a C3-Ru1-N2 = 179.75(8)° and B1-Ru1-N1 = 177.16(8)° bond angle (Figure 2.8).
Another interesting structural feature is the slight C3-C4 bond elongation in the phenyl ring
(C3-C4 = 1.421(3) Å; C-C bond distance in benzene ̴1.4 Å) due to C4 being bonded to the
electron rich boron atom of the carborane cage that donates electrons to the phenyl ring
and C3 being bonded to the ruthenium metal center.

(b)

(a)

Figure 2.8. Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2(C6H5CN)2Ru(C6H4) (5). (a) A general view; (b) a view
perpendicular to the (B1-B2-C3-C4-Ru1-N1-N2) plane with only the carborane cluster
and the phenyl ring. Atoms belonging to isopropyl groups of the ligand arms have been
omitted for clarity. Selected bond distances (Å) and angles (deg): B1-Ru1 = 2.057(2),
B1-B2 = 1.825(3), B2-C4 = 1.540(3), C3-C4 = 1.421(3), Ru1-C3 = 2.082(2), Ru1-N1 =
2.1163(19), Ru1-N2 = 2.0859(18), B2-B1-Ru1 = 104.60(13), B1-Ru1-N1 = 177.16(8),
C3-Ru1-N2 = 179.75(8).
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2.3.3 N=N bond activation of azide compound
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Figure 2.9 Cycloaddition of diphenylphosphoryl azide by activation of
B-Ru bond. Unlabeled cluster vertices represent BH units.

The reaction of diphenylphosphoryl azide with complex (3) in a solution of THF
resulted the clean formation of complex (6) at room temperature (Figure 2.9). The product
formation occurred immediately upon mixing, which was confirmed by the presence of a
singlet signal at 193.69 ppm for the P-Ru bond and another singlet at 4.22 ppm for the PN bond in a 2:1 ratio in the 31P{1H} NMR spectrum. Benzyne complexes tend to undergo
[3+2] cycloaddition reactions with diazo compounds resulting in the formation of cyclic
products.57 However, in this reaction, rather than the azide moiety undergoing a
cycloaddition as a whole like in the case of benzynes, the N=N bond in the azide and the
Ru-B bond in the carboryne complex became activated resulting in the formation of a 4membered cyclic B-carboranyl complex with a vicinal B-N bond and the elimination of N2
gas (Figure 2.10). Interestingly, in this complex the Ru-N bond distances (Ru1-N2 =
2.1203(19) Å and Ru1-N3 = 1.980(2) Å) of the benzonitrile groups that are attached to the
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metal center differ noticeably due to the trans influence exerted by the boryl ligand similar
to that of complex (4) and (5). The vicinal B2-N1 bond distance is 1.429(3) Å, which is
among the shortest B-N bond distances reported in the literature.58,59 Thus, the shortening
of the B-N bond from the normal B-N bond distance (1.58 Å) observed and the planar
geometry (sum of angles at N1 359.87°) around the 3-coordinated N1 can be attributed to
the additional π-bonding interaction between the cage B atom and the vicinal N atom of the
azide moiety.59–62 The single crystal X-ray structure of complex (6) reveals the
coordination of atoms around the ruthenium metal center in a distorted octahedral geometry
with two benzonitrile groups trans to the boryl ligand and the diphenylphosphoryl amide
moiety.

(a)

(b)

Figure 2.10 Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2(C6H5CN)2Ru((C6H5O)2P(O)N) (6). (a) A general view; (b) a view
perpendicular to the (B1-B2-N1-Ru1-N2-N3) plane. Atoms belonging to isopropyl
groups of the ligand arms and the phenyl rings of the azide moiety have been omitted for
clarity. Selected bond distances (Å) and angles (deg): Ru1-B1 = 2.086(2), Ru1-N2 =
2.1203(19), Ru1-N3 = 1.980(2), N1-B2 = 1.429(3), B1-B2 = 1.826(4), B2-B1-Ru1 =
87.12(13), B1-B2-N1 = 104.24(18), B1-Ru1-N2 = 168.90(9), N3-Ru1-N1 = 168.36(7).
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2.2.4 C-H and C-C bond activation of aromatic aldehyde
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Figure 2.11 C-H and C-C bond activation of biphenyl-4-carboxaldeyde.
Unlabeled cluster vertices represent BH units.

The reaction of complex (3) in a solution of THF with biphenyl-4-carboxaldehyde
at 60 °C for 6 h resulted in the formation of complex (7) by activation of the C-C bond and
the C-H bond of the aldehyde (Figure 2.11). The product formation was confirmed by the
appearance of a singlet at 206.69 ppm in the

31

P{1H} NMR spectrum. The product was

characterized using both NMR spectroscopy and single crystal X-ray crystallography. The
single crystals of complex (7) were obtained by slow evaporation of a hexane solution at
room temperature. The crystal structure revealed the formation of the B-carboranyl
complex with the biphenyl and carbonyl groups attached to the metal center. Aldehydes
usually undergo decarbonylation reactions, ultimately resulting in the formation of the
alkane at elevated temperatures by the removal of the carbonyl group, however, it is also
possible to form an ester product in a Claisen–Tishchenko type reaction, which was
observed in this instance.63,64 Initially, the C-H bond activation of the aldehyde results in
the installation of the acetyl and the hydride groups at the metal center, where the hydride
ligand is coordinated to both ruthenium and boron atoms in a bridging interaction. The
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removal of the CO group from the acetyl group and the activation of the C-C bond leads to
the direct coordination of the carbonyl to the metal center.65 According to the single crystal
X-ray structure, the biphenyl, carbonyl, both boron atoms of the carborane cage, and the
bridging hydrogen reside in the same plane. After the reaction with the aldehyde, the
carboryne complex gets converted to a B-carboranyl, the boron atoms connected to the
metal center have different bond distances (i.e., Ru1-B1 = 2.1529(17) and Ru1-B2 =
2.4134(17) Å) (Figure 2.12). Furthermore, the biphenyl and carbonyl groups that are
coordinated trans to the carboranyl ligand also show different Ru-C bond lengths (i.e.,
Ru1-C31 = 2.0811(15) and Ru1-C3 = 1.9153(16) Å), where Ru1-C3 bond is much shorter
than the Ru1-C31 distance due to the back bonding (π-bonding) of the Ru metal center and
the carbonyl group (Figure 2.12). Two boron atoms in the carborane cage are coordinated
to the ruthenium metal center with a higher bond strain (i.e., B1-Ru1-B2 = 44.61(6)°)
whereas the carbonyl and biphenyl groups are coordinated to the metal center with a much
less strained bond angle (i.e., C31-Ru1-C3 = 93.71(6)°). The previously reported Ru
carboryne bis(carbonyl) complex exhibited no reactivity towards aldehydes, presumably
due to its strong σ-donor π-acceptor interactions between the carbonyl groups and the
carboryne ligand that made them less favorable for dissociation in the reaction with
aldehydes. Thus, this nitrile-containing complex demonstrated the importance of the
presence of more labile ligands that could stabilize the complex as well as participate in
reactivity which demands their dissociation from the metal center.
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(b)

(a)

Figure 2.12 Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2Ru(H)(C12H9)(CO) (7). (a) A general view; (b) a view perpendicular
to the (O1-P1-Ru1-P2-O2) plane. Atoms belonging to isopropyl groups of the ligand
arms have been omitted for clarity. Selected bond distances (Å) and angles (deg): Ru1-B1
= 2.1529(17), Ru1-B2 = 2.4134(17), B1-B2 = 1.750(2), Ru1-C31 = 2.0811(15), Ru1-C3
= 1.9153(16), C3-O3 = 1.1447(19), Ru1-B1-B2 = 75.61(8), B1-B2-Ru1 = 59.78(7), B1Ru1-B2 = 44.61(6), C31-Ru1-C3 = 93.71(6).
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2.3 Synthesis of Ru carboryne bis(diphenylphosphine) complex
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Figure 2.13 Synthesis of Ru carboryne
bis(diphenylphosphine) complex,
C2B10H8(OP(iPr2))2(PH(C6H5)2)2Ru (8) via ligand substitution
from complex (3). Unlabeled cluster vertices represent BH
units.

In order to expand the knowledge about the formation of the unusual coordination
chemistry of the carborane cluster to the metal center via the activation of two neighboring
B-H bonds, the effect of the influence of ligands that are trans to the metal-boron bonds
were further explored to obtain a better understanding about the scope of ligands that could
be utilized by harmonizing the s-donor p-acceptor capabilities in these complexes. The
reaction of complex (3) in a THF solution resulted in the immediate formation of Ru
carboryne bis(diphenylphosphine) complex (8) by substituting both benzonitrile groups in
complex (3) in a simple ligand substitution reaction. The formation of the novel carboryne
complex was confirmed by the appearance of two signals in the 31P{1H} NMR spectrum.
A triplet signal at 195.03 ppm corresponding to the two phosphinite donor arms and a
broader singlet signal at 15.11 ppm corresponding to the two newly coordinated
diphenylphosphine ligands. The single crystals of complex (8) were obtained by slow
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evaporation of a saturated solution of diethyl ether at room temperature. The single crystal
X-ray structure analysis of the colorless plates, revealed the substitution of the benzonitrile
groups with two diphenylphosphine ligands to the Ru(II) metal center resulting in a
distorted octahedral geometry around the metal center. The exohedral Ru-B bond distances
for complex (8) (i.e., Ru1-B1 = 2.192(6) Å and Ru1-B2 = 2.176(2) Å) are between the RuB bond distances of the Ru carboryne bis(carbonyl) and Ru carboryne bis(benzonitrile)
complexes.55 The B2-B1-Ru1 = 66.4(3)° and B1-B2-Ru1 = 67.4(3)° bond angles are
between the exohedral B-B-M angles reported in the Ru carboryne bis(carbonyl) and Ru
carboryne bis(benzonitrile) complexes. The two exohedral metal-boron bonds make a B1Ru1-B2 = 46.2(2)° at the metal center exhibiting a higher bond strain. The two
diphenylphosphine groups trans to the carboryne ligand are coordinated to the metal center
with a relatively less bond strain. The slightly larger bond angle of P3-Ru1-P4 = 99.26(4)°
(i.e., ideal bond angle of 90° for the octahedral geometry) is due to the steric hindrance
exerted by the phenyl groups of diphenylphosphine and the phenyl rings which are
mutually oriented to minimized the steric hindrance.
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Figure 2.14 Displacement ellipsoid plot (50% probability) of the
C2B10H8(OP(iPr2))2(PH(C6H5)2)2Ru (8). Atoms belonging to isopropyl groups of the
ligand arms have been omitted for clarity. Selected bond distances (Å) and angles (deg):
Ru1-B1 = 2.192(6), Ru1-B2 = 2.176(2), B1-B2 = 1.715(7), Ru1-P3 = 2.342(1), Ru1-P4 =
2.323(1), Ru1-B1-B2 = 66.4(3), Ru1-B2-B1 = 67.4(3), B1-Ru1-B2 = 46.2(2), P3-Ru1-P4
= 99.26(4).

In the literature, there is only one prior report of the coordination of the -PPh2H
moiety to the ruthenium metal center that is bonded to a boron atom resulting in a boride
which has the B-Ru-PPh2H fragment.66 The bond distances of Ru-B and Ru-PPh2H are
similar to the literature reported boride-containing cluster. Furthermore, complex (8) is the
first reported carboryne complex with a B-Ru-PPh2H fragment in carborane clusters. In
addition, it is possible to synthesize a carboryne complex with two different auxiliary
ligands (i.e., benzonitrile and diphenylphosphine) via the stoichiometrically controlled
ligand substitution to the Ru carboryne bis(benzonitrile) complex.67
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The close investigation of the metal-boron bond distances of the three carboryne
complexes: bis(carbonyl), bis(benzonitrile), and bis(diphenylphosphine) and the pacceptor nature of the supporting ligands used in stabilizing the carboryne ligand, it can be
inferred that a complex with a shorter metal-boron bond distance (i.e., Ru carboryne
bis(benzonitrile) complex) has the weaker p-acceptor ligand (i.e., benzonitrile) trans to the
carboryne ligand in the metal complex. This can be further supported by the ligand
substitution that results in the formation of the Ru carboryne bis(diphenylphosphine)
complex (i.e., diphenylphosphine a stronger p-acceptor ligand than benzonitrile) which has
the capability of stabilizing the s-donor capability of the carboryne ligand better than the
benzonitrile ligand.
2.3.1 Bond activation of aromatic aldehyde by Ru carboryne bis(diphenylphosphine)
complex
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Figure 2.15 Stepwise C-H and C-C bond activation of biphenyl-4-carboxaldeyde
followed by the C-H bond activation of the biphenyl ring by Ru carboryne
bis(diphenylphosphine) complex (8). Unlabeled cluster vertices represent BH units.

The reaction of complex (8) with biphenyl-4-carboxaldehyde in a solution of THF
results in the formation of complex (7) by heating at 60 °C for 6 h. The clean product
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formation was confirmed by the appearance of a singlet at 206.69 ppm in the 31P{1H} NMR
spectrum. The reaction mixture was further heated at 100 °C for 48 h after the addition of
small amount of toluene. Constant heating of the reaction mixture for a prolonged period
of time resulted in the gradual disappearance of the singlet at 206.69 ppm in the 31P{1H}
NMR spectrum while the appearance of a new doublet at 211.76 ppm with a broader singlet
at 25.61 ppm. Thus, the stepwise formation of complex (9) via complex (7) was observed
in the 31P{1H} NMR spectrum. The single crystals of complex (9) were obtained by slow
evaporation of a saturated hexane solution at room temperature. The single crystal X-ray
crystallography analysis revealed the insertion of the biphenyl group into one of the metalboron bonds similar to complex (5) by activating a C-H bond in the biphenyl moiety
resulting in the formation of a B-carboranyl while retaining one of the diphenylphosphine
groups. Furthermore, the carbonyl group is attached directly trans to the metal-boron bond
stabilizing the strong s-donor nature of the boryl group. The insertion of the biphenyl group
to the Ru-B bond yields a five-membered ring with the carbonyl group, diphenylphosphine,
biphenyl moiety, and the two boron atoms of the cluster in the same plane. Even though,
the bond angles of B1-Ru1-C3 = 176.4(8)° and C42-Ru1-P3 = 174.12(7)° are almost in a
linear arrangement, the complex has a distorted octahedral geometry around the metal
center. The bond distance between Ru1-B1 = 2.116(3) Å, which is slightly elongated
compared to the Ru-B bond distance of complex (5) (i.e., Ru1-B1 = 2.057(2) Å). Herein,
the slight elongation of the Ru-B bond can be attributed to the auxiliary ligand trans to the
carboranyl group. In complex (5), benzonitrile is in the trans position whereas in complex
(9), the carbonyl group is trans to the carboranyl moiety, thus the carbonyl group being a
better p-acceptor than benzonitrile, the Ru-B bond is slightly elongated in complex (9)
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exhibiting similar bond lengths to that of other B-carboranyl pincer complexes with trans
carbonyl groups.55 Furthermore, the Ru-C bond distance (Ru1-C42 = 2.134(3) Å) of the
biphenyl ring in complex (9) is slightly longer than that of the phenyl ring (Ru1-C3 =
2.082(2) Å) in complex (5), which is mainly due to the steric influence exerted by the bulky
biphenyl group. The biphenyl group also exhibits bond elongation between the two carbon
atoms (C41-C42 = 1.405(4) Å; C-C bond distance in biphenyl ̴1.37-1.38 Å) that are
bonded to the complex. This can be ascribed to C41 being bond to the electron rich B atom
in the cluster that donates electrons to the biphenyl ring weakening the carbon-carbon bond
and elongating it which was observed in a similar manner in complex (5) with the insertion
of the phenyl ring to the Ru-B bond.
This type of biphenyl ring insertion was not observed in the reaction of the Ru
carboryne bis(benzonitrile) complex (3) with biphenyl-4-carboxaldehyde even at elevated
temperatures for prolonged periods of time, which only resulted in the formation of
complex (7) as a clean product. In the case of complex (9), the product formation requires
the removal of the biphenyl group from the metal center to undergo an insertion reaction
which is facilitated by the diphenylphosphine groups that are present in the solution after
the initial dissociation to form complex (7). The ability of the diphenylphosphine group to
coordinate to the metal center via the displacement of the biphenyl group under prolonged
heating demonstrates the affinity of diphenylphosphine in comparison to benzonitrile in
complex (3) to stabilize the carboranyl complex. Even more, the capability of the carbonyl
group to stabilize the carboranyl ligand by harmonizing the s-donor p-acceptor character
by exhibiting the reluctance to undergo ligand displacement by diphenylphosphine. Thus,
this can be corroborated by the lack of reactivity shown by the Ru carboryne bis(carbonyl)
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complex in the presence of aldehyde owing to the higher stability imparted by the carbonyl
groups in the carboryne complex.

Figure 2.16 Displacement ellipsoid plot (30% probability) of the
C2B10H8(OP(iPr2))2(PH(C6H5))(CO)Ru(C12H8) (9). Atoms belonging to isopropyl groups
of the ligand arms have been omitted for clarity. Selected bond distances (Å) and angles
(deg): B1-Ru1 = 2.116(3), B1-B2 = 1.823(4), B2-C41 = 1.546(4), C41-C42 = 1.405(4),
Ru1-C42 = 2.134(3), Ru1-C3 = 1.920(3), Ru1-P3 = 2.3786(7), B2-B1-Ru1 = 105.8(2),
B1-Ru1-C3 = 176.4(8), C42-Ru1-P3 = 174.12(7).

The reactivity trend exhibited by complex (3) in the bond activation of small
molecules via the use of metal-boron bonds and in the use of ligand substitution for the
synthesis of novel (BB)>Ru carboryne bis(diphenylphosphine) shows an attractive
synthetic approach for the generation of metal-boron bonds in a carborane clusters with the
aid of the (POBOP) pincer ligand framework. Moreover, the different reactivity shown by
the three (BB)>Ru carboryne complexes (i.e., bis(carbonyl), bis(benzonitrile), and
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bis(diphenylphosphine)) showcases the importance of the supporting auxiliary ligand’s
influence on the synthesis of these complexes as well as towards the reactivity.
3. Conclusion
Herein, a novel synthetic strategy was reported for the formation of (BB)>Ru
carboryne complexes to expand the synthetic scope moving forward from the only
literature reported example of Ru carboryne bis(carbonyl) complex.
The formation of the two carboryne complexes (i.e., bis(benzonitrile) and
bis(diphenylphosphine)) with the comparison to the previously reported Ru carboryne
bis(carbonyl) complex, shed light on the influence of the supporting ligands that needs to
be utilized through harmonizing the s-donor p-acceptor interactions in the synthesis of
these type of (BB)>metal carboryne complexes with unusual coordination geometry
around the metal center via the coordination of two neighboring boron atoms by activating
exohedral B-H bonds in the boron cluster. The novel synthetic strategies employed herein
and the reactivity trends observed can be utilized for further exploration of these unusual
yet attractive class of compounds with highly strained, electron rich metal-boron bonds for
the functionalization of the cluster and bond activation in catalytic cycles.
4. Experimental section
All synthetic manipulations, unless stated otherwise, were carried out either in a
nitrogen-filled VAC drybox or on a dual manifold Schlenk-style vacuum line. The solvents
were sparged with nitrogen, passed through activated alumina, and stored over activated 4
Å Linde-type molecular sieves. Benzene-d6 were degassed and stored over activated 4 Å
Linde-type molecular sieves. NMR spectra were recorded using Varian spectrometers at
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400 (1H), 100 (13C), 162 (31P), 128 (11B) MHz, reported in d (parts per million) and
referenced to the residual 1H/13C signals of the deuterated solvent or an external 85%
phosphoric acid (31P(d): 0.0 ppm) and BF3(Et2O) (11B(d): 0.0 ppm) standards. J values are
given in Hz.
1,7-Dihydroxy-m-carborane

and

1,7-OP(i-Pr)2-m-carborane

were

prepared

according to the previously reported literature procedure.68,69 [Ru(p-cymene)Cl2]2, mcarborane (Katchem), P(CH(CH3)2)2Cl, benzonitrile, phenylacetylene, biphenyl-4carboxaldehyde, diphenylphosphoryl azide, triphenylbismuth, diphenylphosphine and
potassium tert-butoxide were used as received.
4.1 Synthesis of neutral Ru carborane dichloride complex, C2B10H10(OP(iPr2))2Cl2Ru
(2).
1,7-OP(i-Pr)2-m-carborane (150 mg; 0.367 mmol) was dissolved in a mixture of
THF and toluene (5 mL) and transferred to a storage tube. [Ru(p-cymene)Cl2]2 (112 mg;
0.184 mmol, 0.5 equiv.) was added to the reaction mixture and heated at 90 °C for 48 h.
The resulting reddish-orange color solution was filtered inside the glove box and the
volatiles were removed under vacuum from the filtrate. The reddish-orange color solid was
washed with hexane to remove any impurities and dried under vacuum. The solid was
washed with diethyl ether (1 mL × 3) and dried under vacuum to further purify the solid.
NMR Yield > 90%
31

P{1H} (C6D6): d 196.88 (Ru-P). 11B{1H} (C6D6): d -11.05 (B-H), -13.96 (B-H), -

16.84 (B-H). 13C (C6D6): d 110.8 (s, C2B10H8), 28.6 (t, P(CH(CH3)2)2, J = 9.5 Hz), 16.2 (t,
P(CH(CH3)2)2, J = 1.86 Hz), 15.5 (s, P(CH(CH3)2)2)
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4.2

Synthesis

of

Ru

carboryne

bis(benzonitrile)

complex,

C2B10H8(OP(iPr2))2(C6H5CN)2Ru (3).
The synthesis of Ru carboryne bis(benzonitrile) complex can be in a similar manner
to the synthesis of complex (2) without the isolation of complex (2) in a one-pot reaction.
The ligand precursor 1,7-OP(i-Pr)2-m-carborane (150 mg; 0.367 mmol) and [Ru(pcymene)Cl2]2 (112 mg; 0.184 mmol, 0.5 equiv.) was transferred to a storage tube using a
mixture of THF and toluene (5 mL). The reaction mixture was heated at 90 °C for 48 h.
Benzonitrile (189 mg; 1.835 mmol, 5 equiv.) was added to the subsequent solution and
further heated the reaction mixture at 60 °C for 6 h. Finally, potassium tert-butoxide (86
mg; 0.77 mmol, 2.1 equiv.) was added using THF (2 mL) to the reddish-orange color
solution resulting a color change to a dark reddish-brown color. The reaction mixture was
stirred at room temperature for 72 h. The final reaction mixture was filtered inside the glove
box and volatiles were removed under vacuum from the filtrate resulting a reddish-brown
color solid. The solid was washed with hexane to remove any impurities and further dried
under vacuum to obtain a fine reddish-brown solid. The product was extracted from the
solid using benzene (1 mL × 3). Volatiles were removed under vacuum to obtain a reddishbrown color solid. NMR Yield > 90%
31

P{1H} (C6D6): d 207.43 (Ru-P). 11B{1H} (C6D6): d -3.43 (B-Ru), -13.67 (B-H), -

18.70 (B-H).

13

C (C6D6): d 131.6 – 125.7 (C6H5CN), 118.6 (s, C6H5CN), 116.3 (s,

C6H5CN), 113.5 (s, C2B10H8), 112.6 (s, C2B10H8), 29.4 (t, P(CH(CH3)2)2, J = 10.13 Hz),
17.7 (s, P(CH(CH3)2)2), 17.0 (s, P(CH(CH3)2)2).
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4.3 Synthesis of C2B10H8(OP(iPr2))2(C6H5CN)2Ru(HCCPh) (4).
Phenylacetylene (11 mg; 0.1078 mmol, 1.5 equiv.) was added to a solution of Ru
carboryne bis(benzonitrile) complex (3) (50 mg; 0.07 mmol) in THF (1 mL) in a J. Young
valve. The reaction was carried out at room temperature and the immediate formation of
the complex (4) was confirmed by 31P{1H} NMR spectroscopy. The reaction mixture was
filtered inside the glove box and the volatiles were removed from the filtrate under vacuum
to obtain a brownish-orange solid. The solid was washed with hexane (1 mL × 3) to remove
any impurities and dried thoroughly under vacuum to obtain a brownish-orange solid.
NMR Yield > 75%
31

P{1H} (C6D6) (at 60 °C): d 198.36 (Ru-P). 11B{1H} (C6D6): d 11.77 (B-C), -1.19

(B-Ru), -14.91 (B-H), -18.36 (B-H), -23.28 (B-H).

13

C (C6D6) (at 60 °C): d 131.8-124.8

(C6H5 of C6H5CN & phenylacetylene), 112.9 (d, C6H5CN, J = 67.5 Hz), 104.8 (s, C2B10H8),
32.4 (s, P(CH(CH3)2)2), 31.7 (s, P(CH(CH3)2)2), 29.7 (s, P(CH(CH3)2)2), 18.4 (s,
P(CH(CH3)2)2), 17.1 (s, P(CH(CH3)2)2), 16.5 (s, P(CH(CH3)2)2)
4.4 Synthesis of C2B10H8(OP(iPr2))2(C6H5CN)2Ru(C6H4) (5).
Triphenylbismuth (33.9 mg; 0.077 mmol, 1.1 equiv.) was added to a solution of Ru
carboryne bis(benzonitrile) complex (3) (50 mg; 0.07 mmol) in THF and toluene mixture
(1 mL) in a J. Young valve. The reaction mixture was heated at 70 °C for 14 h. The reaction
mixture was filtered inside the glove box and the volatiles were removed from the filtrate
under vacuum to obtain a brown color solid. The solid was washed using hexane (1 mL ×
3) to remove any impurities and dried under vacuum to yield the product. NMR Yield >
80%
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31

P{1H} (C6D6): d 200.28 (Ru-P). 11B{1H} (C6D6): d 12.91 (B-C), 0.59 (B-H), -2.18

(B-Ru), -7.71 (B-H), -9.05 (B-H), -13.69 (B-H), -14.84 (B-H), -16.85 (B-H), -22.30 (B-H).
13

C (C6D6): d 138.4-123.9 (C6H5 of C6H5CN & C6H4), 121.4 (d, C6H5CN, J = 61.6 Hz),

113.1 (d, C6H5CN, J = 17.9 Hz), 104.8 (s, C2B10H8), 31.7 (s, P(CH(CH3)2)2), 28.3 (t,
P(CH(CH3)2)2, J = 10.4 Hz), 18.8 (s, P(CH(CH3)2)2), 17.4 (s, P(CH(CH3)2)2), 16.1 (s,
P(CH(CH3)2)2), 15.6 (s, P(CH(CH3)2)2)
4.5 Synthesis of C2B10H8(OP(iPr2))2(C6H5CN)2Ru((C6H5O)2P(O)N) (6).
Diphenyl phosphoryl azide (21.2 mg; 0.077 mmol, 1.1 equiv.) was added to a
solution of Ru carboryne bis(benzonitrile) complex (3) (50 mg; 0.07 mmol) in THF (1 mL)
in a J. Young valve. The reaction was carried out at room temperature and the immediate
formation of the complex (6) was confirmed by 31P{1H} NMR spectroscopy. The color of
the reaction mixture changed from reddish-brown color to a darker brown color. The
reaction mixture was filtered inside the glove box and the volatiles were removed from the
filtrate under vacuum to obtain a darker brown color solid. The solid was washed with
hexane (2 mL × 3) and then with diethyl ether (1 mL × 3) to remove any impurities. The
solid was dried thoroughly under vacuum to obtain complex (6). NMR Yield > 85%
31

P{1H} (C6D6): d 193.68 (Ru-P), 3.55 (N-P). 11B{1H} (C6D6): d 1.66 (B-N), -0.89

(B-Ru), -16.46 (B-H), -21.84 (B-H), -25.47 (B-H).

13

C (C6D6): d 132.8-120.9 (C6H5 of

C6H5CN & Diphenylphosphoryl azide), 113.4 (d, C6H5CN, J = 23.71 Hz), 101.7 (s,
C2B10H8), 31.8 (d, P(CH(CH3)2)2, J = 23.63 Hz), 18.6 (s, P(CH(CH3)2)2), 17.9 (s,
P(CH(CH3)2)2), 17.4 (s, P(CH(CH3)2)2), 17.1 (s, P(CH(CH3)2)2)
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4.6 Synthesis of C2B10H8(OP(iPr2))2Ru(H)(C12H9)(CO) (7).
Bipheynyl-4-carboxaldehyde (14 mg; 0.077 mmol, 1.1 equiv.) was added to a
solution of complex (3) (50 mg; 0.07 mmol) in THF (1 mL) in a J. Young valve. The
reaction mixture was heated at 60 °C for 6 h. The color of the solution changed to a much
darker red color. The reaction mixture was filtered inside the glove box and the volatiles
were removed from the filtrate under vacuum to obtain a brownish-orange color solid. The
solid was washed with hexane (1 mL × 3) to extract the product. NMR Yield > 55%
31

P{1H} (C6D6): d 206.69 (Ru-P). 11B{1H} (C6D6): d 1.36 (B-Ru), -13.14 (B-H), -

17.25 (B-H), -18.25 (B-H).
4.7 Synthesis of C2B10H8(OP(iPr2))2(PH(C6H5)2)2Ru (8).
Diphenylphosphine (10 % w/w in hexane, 260 mg; 0.14 mmol, 2 equiv.) was added
to a solution of complex (3) (50 mg; 0.07 mmol) in THF (2 mL). The reaction mixture was
stirred for 5 mins at room temperature. The color of the solution changed to a darker
reddish-brown color. The reaction mixture was dried under vacuum to remove the volatiles
to obtain a brownish-orange solid. The solid was initially washed with hexane (1 mL × 3)
to remove any impurities and dried completely. Then the product was extracted from the
solid using diethyl ether (1 mL × 3). Remove the volatiles under vacuum to obtain a
brownish-orange solid. Finally, to further purify the solid, it was washed with acetonitrile
(1 mL × 3) and dried completely to obtain a pale brownish-orange solid. NMR Yield >
90%
31

11

P{1H} (C6D6): d 195.03 (t, 2P, Ru-P-donor arm), 15.11 (br, 2P, Ru-PHPh2).

B{1H} (C6D6): d -0.97 (B-Ru), -12.18 (B-H), -17.18 (B-H). 13C (C6D6): d 136.8 – 129.3
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((C6H5)2PPH), 114.7 (s, C2B10H8), 33.2 (t, P(CH(CH3)2)2), 19.2 (s, P(CH(CH3)2)2), 16.8 (s,
P(CH(CH3)2)2).
4.8 Synthesis of C2B10H8(OP(iPr2))2(PH(C6H5))(CO)Ru(C12H8) (9)
Bipheynyl-4-carboxaldehyde (9 mg; 0.0495 mmol, 1.1 equiv.) was added to a
solution of complex (8) (40 mg; 0.045 mmol) in THF (1 mL) in a J. Young valve. The
reaction mixture was heated at 60 °C for 6 h. The initial formation of complex (7) was
observed in 31P{1H} NMR spectroscopy. Then, small amount of toluene was added to the
reaction mixture and heated at 100 °C for a prolong period of time (~7 days). The volatiles
were removed from the reaction mixture inside the glovebox under vacuum to obtain a
reddish-brown solid. The solid was washed with hexane (1 mL × 3) to remove any
impurities and dried completely to obtain a brownish-orange solid. NMR Yield > 40%
31

P{1H} (C6D6 & THF): d 211.76 (d, 2P, Ru-P-donor arm), 25.61 ppm (br, 1P, Ru-

PHPh2)
4.9 Structure Determination Details
X-ray intensity data were collected at 100(2) K using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames
were reduced and corrected for absorption effects using the Bruker APEX3, SAINT+ and
SADABS programs.70,71 The structure was solved with SHELXT.72,73 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201872,73 using OLEX2.74
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4.9.1 X-ray Structure Determination of C2B10H10(OP(iPr2))2Cl2Ru (2)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/c, which was
confirmed by structure solution. The asymmetric unit consists of one complex. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference Fourier maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) =
1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
group to the orientation of maximum observed electron density. Hydrogen atoms bonded
to boron were located and refined freely. The largest residual electron density peak in the
final difference map is 0.47 e-/Å3, located 1.08 Å from P1.
4.9.2 X-ray Structure Determination of C2B10H8(OP(iPr2))2(C6H5CN)2Ru (3).
The compound crystallizes in the monoclinic system. The space group C2/c was
suggested by the pattern of systematic absences in the intensity data and by intensity
statistics, and was verified by structure solution. The asymmetric unit consists of one
molecule. All non-hydrogen atoms were refined with anisotropic displacement parameters.
Hydrogen atoms were placed in geometrically idealized positions and included as riding
atoms with d(B-H) = 1.120 Å and Uiso(H) = 1.2Ueq(B) for carborane cage hydrogen
atoms, d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms and d(CH) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were
allowed to rotate as a rigid group to the orientation of maximum observed electron density.
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The largest residual electron density peak in the final difference map is 0.63 e-/Å3, located
1.45 Å from H35.
4.9.3 X-ray Structure Determination of C2B10H8(OP(iPr2))2(C6H5CN)2Ru(HCCPh)
(4).
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/c, which was
confirmed by structure solution. The asymmetric unit consists of one molecule. One
isopropyl group (C11-C13) is disordered with two orientations A/B. The major component
occupancy refined to 0.772(7). P-C and C-C distances of the minor component were
restrained to be similar to those of the major using SHELX DFIX and SAME instructions.
All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen
atoms bonded to carbon were located in difference Fourier maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and Uiso(H) =
1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for
methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. Hydrogen atoms bonded to boron were
located and refined freely. The largest residual electron density peak in the final difference
map is 0.67 e-/Å3, located 0.83 Å from Ru1.
4.9.4 X-ray Structure Determination of C2B10H8(OP(iPr2))2(C6H5CN)2Ru(C6H4) (5).
The compound crystallizes in the orthorhombic system. The pattern of systematic
absences in the intensity data was consistent with the space groups Pna21 and Pnma;
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intensity statistics suggested an acentric structure. The solution program SHELXT returned
Pna21 as the only reasonable choice. This was confirmed by refinement and further with
ADDSYM, which found no missed symmetry elements.5 The asymmetric unit in Pna21
consists of one molecule. All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms bonded to carbon were located in difference
Fourier maps before being placed in geometrically idealized positions and included as
riding atoms with d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms,
d(C-H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å
and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to
rotate as a rigid group to the orientation of maximum observed electron density. Hydrogen
atoms bonded to boron were located and refined freely. The absolute structure (Flack)
parameter after the final refinement cycle was -0.004(5). The largest residual electron
density peak in the final difference map is 0.42 e-/Å3, located 0.75 Å from Ru1.
4.9.5

X-ray

Structure

Determination

of

C2B10H8(OP(iPr2))2(C6H5CN)2Ru((C6H5O)2P(O)N) (6).
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of two crystallographically
independent but chemically similar complexes. Atoms of each complex were numbered
similarly except for atom label suffixes A or B. One isopropyl substituent in molecule “B”
is disordered over two orientations (C21-C23 B/C, major occupancy = 0.668(5)). Like
distances in this group were restrained to be similar (SHELX SADI). All non-hydrogen
atoms were refined with anisotropic displacement parameters. Hydrogen atoms bonded to
carbon were placed in geometrically idealized positions and included as riding atoms with
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d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å
and Uiso(H) = 1.2Ueq(C) for aromatic hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H)
= 1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
group to the orientation of maximum observed electron density. Hydrogen atoms bonded
to boron were located in difference Fourier maps and refined freely. The largest residual
electron density peak in the final difference map is 1.28 e-/Å3, located 0.79 Å from P1A.
4.9.6 X-ray Structure Determination of C2B10H8(OP(iPr2))2Ru(H)(C12H9)(CO) (7).
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed

by

structure

solution.

The

asymmetric

unit

consists

of

one

Ru(CO)(C14H37B10O2P2)(C12H9) molecule and a region of solvent species which are
disordered about a crystallographic inversion center. The solvent disorder could not be
successfully modeled. Trial modeling suggests some hexane, possibly mixed with benzene.
All disorder models resulted in higher R-factors (ca. 3.3% for the best model, see below),
unacceptable displacement parameters and unreasonably short H-H contacts to the
ruthenium complex atoms. The Squeeze program in PLATON was therefore used to
account for these species.5 The solvent-accessible volume was calculated to be 484 Å3 per
unit cell (13.3% of the total cell volume), containing the equivalent of 99 electrons per unit
cell. The scattering contribution of this electron density was added to the structure factors
computed from the known part of the structure during refinement. The electron count
derived by Squeeze suggests two hexane molecules per unit cell, or a hexane hemisolvate
crystal. The reported crystal density and F.W. are calculated from the known part of the
structure only. All non-hydrogen atoms were refined with anisotropic displacement
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parameters. Hydrogen atoms bonded to carbon were located in Fourier difference maps
before being placed in geometrically idealized positions and included as riding atoms with
d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å
and Uiso(H) = 1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) =
1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
group to the orientation of maximum observed electron density. Hydrogen atoms bonded
to boron were located and refined freely. The largest residual electron density peak in the
final difference map is 0.31 e-/Å3, located 0.78 Å from C2.
4.9.7 X-ray Structure Determination of C2B10H8(OP(iPr2))2(PH(C6H5)2)2Ru (8).
The compound crystallizes in the orthorhombic system. The pattern of systematic
absences in the intensity data was consistent with the space groups Pna21 and Pnma, the
non-centrosymmetric former of which was confirmed by structure solution and with
ADDSYM.6 The asymmetric unit in Pna21 consists of two crystallographically
independent Ru(C14H36B10O2P2)(PH(C6H5)2)2 molecules and a region of disordered solvent
species. A reasonable solvent disorder model could not be achieved. Trial modeling
suggests a mixture of the crystallization solvents THF, diethyl ether and/or hexanes. The
Squeeze program in PLATON was therefore used to account for these species.7 The
solvent-accessible volume was calculated to be 1330 Å3 per unit cell (14.1% of the total
cell volume), containing the equivalent of 309 electrons per unit cell. The scattering
contribution of this electron density was added to the structure factors computed from the
known part of the structure during refinement. The reported crystal density and F.W. are
calculated from the known part of the structure only. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Hydrogen atoms bonded to carbon were placed
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in geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å
and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and Uiso(H) =
1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for
methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. Hydrogen atoms bonded to boron were
located and refined freely. Hydrogen atoms bonded to phosphorus were located and refined
with a same P-H distance restraint (SHELX SADI) and Uiso(H) = 1.2Ueq(P). The largest
residual electron density peak in the final difference map is 0.45 e-/Å3, located 1.34 Å from
C36B. The absolute structure (Flack) parameter near convergence of 0.32(2) suggested the
data crystal was an inversion twin. A twinning matrix was therefore included in the final
refinement cycles, with the Flack parameter as the minor twin volume fraction.
4.9.7

X-ray

Structure

Determination

of

C2B10H8(OP(iPr2))2(PH(C6H5))(CO)Ru(C12H8) (9)
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference Fourier maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 0.98 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.93 Å and Uiso(H) =
1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.96 Å and Uiso(H) = 1.5Ueq(C) for
methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. Hydrogen atoms bonded to boron and
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phosphorus were located and refined freely. The largest residual electron density peak in
the final difference map is 1.10 e-/Å3, located 0.89 Å from Ru1.
Table 2.1 Crystallographic table for single crystal X-ray data for compounds (2) and (3)
C2B10H10(OP(iPr2))2Cl2

C2B10H8(OP(iPr2))2(C6H5CN)2

Ru (2)

Ru (3)

Empirical formula

C14H38B10O2P2Cl2Ru

C28H46B10N2O2P2Ru

Formula weight

580.45

713.78

Temperature/K

100(2)

100(2)

Crystal system

monoclinic

monoclinic

Space group

P21/c

C2/c

a/Å

11.3666(5)

33.5543(13)

b/Å

8.7453(4)

11.2403(4)

c/Å

26.9410(12)

20.2763(8)

α/°

90

90

β/°

91.934(2)

111.775(2)

γ/°

90

90

Volume/Å3

2676.5(2)

7101.8(5)

Z

4

8

ρcalcg/cm3

1.440

1.335

μ/mm-1

0.916

0.561

F(000)

1184.0

2944.0
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Crystal size/mm3

0.16 × 0.1 × 0.04

0.1 × 0.05 × 0.02

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

4.612 to 57.686

4.174 to 50.088

-15 ≤ h ≤ 15, -11 ≤ k ≤

-39 ≤ h ≤ 35, -13 ≤ k ≤ 13, -24 ≤

11, -35 ≤ l ≤ 36

l ≤ 23

60393

53601

6991 [Rint = 0.0629,

6270 [Rint = 0.1419, Rsigma =

Rsigma = 0.0466]

0.0917]

6991/0/329

6270/0/415

Goodness-of-fit on F2

1.013

1.027

Final R indexes [I>=2σ

R1 = 0.0305, wR2 =

(I)]

0.0520

Final R indexes [all

R1 = 0.0539, wR2 =

data]

0.0572

2Θ range for data
collection/°
Index ranges
Reflections collected

Independent reflections

Data/restraints/paramete
rs

R1 = 0.0631, wR2 = 0.1054

R1 = 0.1122, wR2 = 0.1225

Largest diff. peak/hole /
e Å-3

0.47/-0.63

0.63/-0.80

Flack parameter

90

Table 2.2 Crystallographic table for single crystal X-ray data for compounds (4) and (5)
C2B10H8(OP(iPr2))2(C6H5CN)2

C2B10H8(OP(iPr2))2(C6H5CN

Ru(HCCPh) (4)

)2Ru(C6H4) (5)

Empirical formula

C36H52B10N2O2P2Ru

C34H50B10N2O2P2Ru

Formula weight

815.90

789.87

Temperature/K

100(2)

100(2)

Crystal system

monoclinic

orthorhombic

Space group

P21/c

Pna21

a/Å

12.521(3)

12.1387(4)

b/Å

13.851(4)

16.5777(6)

c/Å

23.172(6)

19.6543(7)

α/°

90

90

β/°

98.029(4)

90

γ/°

90

90

Volume/Å3

3979.4(18)

3955.1(2)

Z

4

4

ρcalcg/cm3

1.362

1.327

μ/mm-1

0.510

0.511

F(000)

1688.0

1632.0

Crystal size/mm3

0.28 × 0.16 × 0.02

0.22 × 0.16 × 0.1

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)
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2Θ range for data
4.41 to 50.186

4.158 to 57.64

-14 ≤ h ≤ 14, -16 ≤ k ≤ 16, -27 ≤

-16 ≤ h ≤ 16, -22 ≤ k ≤ 22, -26

l ≤ 26

≤ l ≤ 26

27423

197638

Independent

7045 [Rint = 0.0861, Rsigma =

10330 [Rint = 0.0526, Rsigma =

reflections

0.0718]

0.0176]

7045/6/531

10330/1/501

1.060

1.071

R1 = 0.0503, wR2 = 0.0833

R1 = 0.0192, wR2 = 0.0453

R1 = 0.0946, wR2 = 0.0985

R1 = 0.0218, wR2 = 0.0466

0.67/-0.78

0.42/-0.52

collection/°
Index ranges
Reflections
collected

Data/restraints/par
ameters
Goodness-of-fit on
F2
Final R indexes
[I>=2σ (I)]
Final R indexes
[all data]
Largest diff.
peak/hole / e Å-3
Flack parameter

-0.004(5)
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Table 2.3 Crystallographic table for single crystal X-ray data for compounds (6) and (7)
C2B10H8(OP(iPr2))2(C6H5CN)2Ru((

C2B10H8(OP(iPr2))2Ru(H)(

C6H5O)2P(O)N) (6)

C12H9)(CO) (7)

C40H56B10N3O5P3Ru

C27H46B10O3P2Ru

Formula weight

960.95

689.75

Temperature/K

100(2)

100(2)

Crystal system

triclinic

monoclinic

Space group

P-1

P21/n

a/Å

12.3365(5)

16.5286(8)

b/Å

18.5064(8)

10.8262(5)

c/Å

21.7974(9)

21.0519(10)

α/°

100.215(2)

90

β/°

96.825(2)

105.083(2)

γ/°

104.088(2)

90

Volume/Å3

4681.3(3)

3637.3(3)

Z

4

4

ρcalcg/cm3

1.363

1.260

μ/mm-1

0.483

0.546

F(000)

1984.0

1424.0

Crystal size/mm3

0.42 × 0.38 × 0.2

0.28 × 0.14 × 0.1

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

Empirical
formula
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2Θ range for data
1.926 to 55.188

4.546 to 57.5

-16 ≤ h ≤ 16, -24 ≤ k ≤ 24, -28 ≤ l ≤

-22 ≤ h ≤ 22, -14 ≤ k ≤ 14,

28

-28 ≤ l ≤ 28

163959

94855

Independent

21577 [Rint = 0.0599, Rsigma =

9421 [Rint = 0.0593, Rsigma

reflections

0.0313]

= 0.0266]

21577/10/1206

9421/0/433

1.044

1.045

R1 = 0.0357, wR2 = 0.0795

R1 = 0.0259, wR2 = 0.0579

R1 = 0.0477, wR2 = 0.0852

R1 = 0.0341, wR2 = 0.0608

1.28/-0.91

0.84/-0.40

collection/°
Index ranges
Reflections
collected

Data/restraints/pa
rameters
Goodness-of-fit
on F2
Final R indexes
[I>=2σ (I)]
Final R indexes
[all data]
Largest diff.
peak/hole / e Å-3
Flack parameter
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Table 2.4 Crystallographic table for single crystal X-ray data for compounds (8) and (9)
C2B10H8(OP(iPr2))2(PH(C

C2B10H8(OP(iPr2))2(PH(C6H5))(C

6H5)2)2Ru

O)Ru(C12H8) (9)

(8)

Empirical formula

C38H58B10O2P4Ru

C39H55B10O3P3Ru

Formula weight

879.89

873.91

Temperature/K

100(2)

301(2)

Crystal system

orthorhombic

triclinic

Space group

Pna21

P-1

a/Å

20.1876(9)

12.6630(4)

b/Å

12.0679(5)

13.5053(4)

c/Å

38.6394(16)

14.6456(4)

α/°

90

116.2250(10)

β/°

90

95.0830(10)

γ/°

90

96.8970(10)

Volume/Å3

9413.4(7)

2202.18(11)

Z

8

2

ρcalcg/cm3

1.242

1.318

μ/mm-1

0.500

0.501

F(000)

3648.0

904.0

Crystal size/mm3

0.18 × 0.16 × 0.04

0.18 × 0.12 × 0.02

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)
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2Θ range for data
3.536 to 60.058

5.6 to 55.014

-28 ≤ h ≤ 28, -16 ≤ k ≤ 16,

-16 ≤ h ≤ 16, -17 ≤ k ≤ 17, -19 ≤ l ≤

-54 ≤ l ≤ 54

19

168963

93382

Independent

27446 [Rint = 0.0946,

10118 [Rint = 0.0735, Rsigma =

reflections

Rsigma = 0.0656]

0.0348]

27446/8/1085

10118/0/549

1.036

1.041

collection/°
Index ranges
Reflections
collected

Data/restraints/par
ameters
Goodness-of-fit on
F2
Final R indexes
R1 = 0.0417, wR2 = 0.0836 R1 = 0.0408, wR2 = 0.0954
[I>=2σ (I)]
Final R indexes
R1 = 0.0670, wR2 = 0.0939 R1 = 0.0592, wR2 = 0.1040
[all data]
Largest diff.
peak/hole / e

Å-3

Flack parameter

0.45/-0.58

1.10/-0.51

0.32(2)
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CHAPTER 3
SYNTHESIS AND REACTIVITY OF RUTHENIUM CARBORANYL
HYDRIDE COMPLEXES

Jayaweera, H. D. A. C.; Eleazer, B. J.; Smith, M. D; Peryshkov, D. V. Synthesis and
Reactivity of Ruthenium Carboranyl Hydride Complexes. (In preparation for
Organometallics)
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1. Introduction
Boron based multidentate ligands have gained attraction in designing of novel
ligand systems and catalysis. The versatility shown by the boron-based ligands in
coordination to metal centers has resulted enhanced reactivity through metal-ligand
cooperative interactions.1–4
The use of rigid tridentate pincer ligand architecture incorporated with the
carborane backbone shows an interesting synthetic approach that has been exploited in
literature for the synthesis of metal-boron bonds.5–10 Carborane is an icosahedral boron
cluster consisting of ten boron atoms and two carbon atoms bonded together by electron
deficient 3c-2e bonds.10–16 The inert B-H bonds can be activated by late transition metals
resulting in the formation of metal-boron bonds.5,6,9,17 In addition to the use in ligand
design, carborane clusters have been utilized in electrochemistry, metal-organic
frameworks, luminescent materials, batteries, liquid crystals and photophysics.15,18–29
Furthermore, due to the 3D nature of the carborane cage, the metalated boron vertex
is in close proximity with five other cluster atoms resulting the metal center having B-H…M
agostic interactions exhibiting versatile coordination modes that can be utilized in metalligand cooperative reactivity.10,14–16 The previously reported (POBOP)Ru(H)(PPh3)
complex that is comprised of a terminal metal hydride and a bridging B-H…M borane has
shown rapid intramolecular hydrogen atom exchange at room temperature between the
terminal hydride and the bridging borane (Figure 3.1).17,30 The 2c-2e exohedral metalboron bond in this complex has a higher bond strain due to having the bridging B-H…M
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interaction vicinal to the bond. Thus, this bond strain can be an interesting starting point in
the exploration of the reactivity of the metal-boron bonds.
Previous work
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Figure 3.1 Rapid intracluster hydrogen exchange of (POBOP)Ru(H)(PPh3) complex.
Formation novel ruthenium carboranyl hydride complexes. Unlabeled cluster vertices
represent BH units.

Herein, POBOP (1,7-OP(i-Pr)2-m-carboranyl) carboranyl pincer ligand framework
is utilized to synthesize a series of ruthenium carboranyl hydride pincer complexes with
different phosphine ligands featuring a terminal metal hydride, 2c-2e metal-boryl bond and
a 3c-2e metal-borane interaction in the same complex (Figure 3.1). The reactivity of
(POBOP)Ru(H)(PPh3) complex was explored in a variety of reactions including the
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protonation of the metal-boron bond and insertion of Lewis acidic Cu(I) moiety to
selectively synthesize a heterobimetallic complex.
2. Results and Discussion
The synthesis of (POBOP)Ru(H)(PPh3) complex (1) was carried out according to
the previously reported literature procedure (Figure 3.2). The clean product formation was
confirmed by the 31P{1H} NMR spectrum of the reaction mixture through the appearance
of a doublet signal at 221.7 ppm and a broad signal at 52.0 ppm. In addition, a broad singlet
was observed at -8.95 ppm in the 1H NMR spectrum related to the terminal hydride and
the bridging borane.17
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Figure 3.2 Synthesis of (POBOP)Ru(H)(PPh3) complex. Unlabeled cluster vertices
represent BH units.

According to the single crystal X-ray structure (Figure 3.3), the metal-boron bond
distance (Ru1-B1 = 2.208(3) Å) is slightly shorter than the bridging borane-metal bond
distance (Ru1…B2 = 2.276(3) Å). This slight bond elongation can be attributed to the BH…M interaction. Furthermore, triphenylphosphine ligand is located trans to the metalboron bond with a bond angle of B1-Ru1-P3 = 172.5(1)°. The terminal metal hydride and
110

the bridging borane hydrogen atom exhibit a linear mutual orientation with a bond angle
of H2…Ru1-H1 = 177(1)°. Thus, the ruthenium metal center has a distorted octahedral
geometry.

Figure 3.3 Displacement ellipsoid plot (50%
probability) of the (POBOP)Ru(H)(PPh3)
complex (1). Atoms belonging to isopropyl
groups of the ligand arms and phenyl groups of
triphenylphosphine have been omitted for clarity.
Selected bond distances (Å) and angles (deg):
Ru1-B1 = 2.208(3), Ru1…B2 = 2.276(3), Ru1-H1
= 1.70(3), Ru1…H2 = 1.77(3), Ru1-P3 =
2.343(1), B2-B1-Ru1 = 69.4(2), B1-B2-Ru1 =
65.2(2), B1-Ru1-P3 = 172.5(1), H2…Ru1-H1 =
177(1).
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2.1 Synthesis of (POBOP)Ru(H)(PHPh2) complex
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Figure 3.4 Synthesis of (POBOP)Ru(H)(PHPh2) complex.
Unlabeled cluster vertices represent BH units.

The reaction of novel ruthenium carboryne bis(diphenylphosphine) complex
[(POBBOP)Ru(PHPh2)2] with isopropanol in a THF (Figure 3.4) at 70 °C for 48 h led to
the gradual formation of the product, which was observed using the

31

P{1H} NMR

spectroscopy by the conversion of the triplet signal at 195.02 ppm to a doublet at 223.88
ppm corresponding to the two phosphinite donor arms of the complex. In addition, the
broad singlet at 15.11 ppm exhibited a downfield shift to 20.88 ppm which corresponds to
PPh2H coordinated to the metal center. The conversion of the

31

P{1H} NMR signals

corroborate the dissociation of one of the PPh2H ligands from the parent carboryne
complex. In the proton coupled

11

B NMR spectrum a singlet appeared at -7.54 ppm

correlated to the metalated B-vertex of the complex. Furthermore, the appearance of a
broad singlet at -8.65 ppm in the 1H NMR spectrum corresponding to the terminal Ru-H
and the bridging B-H…Ru borane was observed. The appearance of a singlet is due to the
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rapid exchange of the terminal and bridging hydride at room temperature which has been
previously observed for (POBOP)Ru(H)(PPh3) complex.17 Even though low temperature
NMR studies were not conducted with this complex, similar type of behavior can be
expected at lower temperature that would demonstrate splitting of the broader singlet into
two distinct signals corresponding to the B-H…M bridging borane and the Ru-H terminal
hydride. Single crystals of the complex were obtained by slow evaporation of a saturated
hexane solution at room temperature. The crystal structure revealed the coordination of
only one diphenylphosphine group to the metal center trans to the boryl moiety (Figure
3.5). The metal-boron bond distance (Ru1-B1 = 2.146(2) Å) is slightly shorter than the
metal-boron bond distance (Ru1-B1 = 2.208(3) Å) in complex (1). Another interesting
feature of this complex is the elongation of the P-H bond in the diphenylphosphine group
(i.e.,

parent

(POBBOP)Ru(PHPh2)2;

P-H

=

1.20(8)

and

1.25(8)

Å,

(POBOP)Ru(H)(PHPh2); P3-H3 = 1.37(3)Å) which can be attributed to the backdonation
from the metal center interacting with the antibonding orbitals of the P-H bond resulting in
its elongation. The diphenylphosphine group is coordinated to the metal center in a linear
orientation to the carboranyl ligand with a B1-Ru1-P3 = 173.83(6)° which is similar to the
(POBOP)Ru(H)(PPh3) complex. The terminal hydride H1 and the bridging borane
hydrogen atom H2 are trans to each other with an angle of H2…Ru1-H1 = 168(1)° which
is slightly more bent than that angle for the PPh3-containing analog (see above Figure 3.3).
Moreover, the exohedral B2-B1-Ru1 angle is slightly larger (72.2(1)°) than complex (1)
(B2-B1-Ru1 = 69.4(2)°) mainly due to the shorter metal-boron bond distance (i.e.,
(POBOP)Ru(H)(PPh3); Ru1-B1 = 2.208(3), (POBOP)Ru(H)(PHPh2); Ru1-B1 = 2.146(2)).
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Figure 3.5 Displacement ellipsoid plot (50% probability)
of the (POBOP)Ru(H)(PHPh2) complex (2). Atoms
belonging to isopropyl groups of the ligand arms and
phenyl groups of diphenylphosphine have been omitted for
clarity. Selected bond distances (Å) and angles (deg): Ru1B1 = 2.146(2), Ru1…B2 = 2.311(2), Ru1-H1 = 1.59(3),
Ru1…H2 = 1.90(3), P3-H3 = 1.37(3), Ru1-P3 = 2.3081(5),
B2-B1-Ru1 = 72.2(1), B1-B2-Ru1 = 62.2(1), B1-Ru1-P3 =
173.83(6), H2…Ru1-H1 = 168(1)
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2.2 Synthesis of (POBOP)Ru(H)(PEt3) complex
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Figure 3.6 Synthesis of (POBOP)Ru(H)(PEt3) complex. Unlabeled cluster vertices
represent BH units.

Similarly, to the formation of complex (2) from the (BB)>Ru carboryne complex,
the formation of (POBOP)Ru(H)(PEt3) was also carried out with the ruthenium carboryne
bis(benzonitrile) complex as the starting material with the first step being the reaction with
triethyl phosphine (Figure 3.6). The formation of the intermediate complex
(POBOP)Ru(PEt3)(PhCN) can be confirmed through the disappearance of the signal at 207
ppm in the

31

P{1H} NMR spectrum and the appearance of a doublet at 206.05 ppm

attributed to the phosphinite donor arms with a broader singlet at 16.93 ppm for the
coordinated triethyl phosphine group via the substitution of one of the benzonitrile groups.
This intermediate complex was mixed with BH3×SMe2 exhibiting a downfield shift of the
signals in the 31P{1H} NMR spectrum. The doublet related to the phosphinite donor arms
shifted to 224.56 ppm whereas the broader singlet associated with the metal coordinated
triethyl phosphine shifted to 25.90 ppm as a broad singlet. Similarly, to complex (2), in the
1

H NMR spectrum a broad singlet was observed at -9.01 ppm corresponding to the terminal
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Ru-H and the bridging borohydride B-H…M. Single crystals of the complex were obtained
from the slow evaporation of a saturated solution of diethyl ether at room temperature. The
crystal structure revealed the coordination of a triethyl phosphine trans to the boryl ligand
(Figure 3.7). The metal-boron bond distance (Ru1-B1 = 2.186(2)Å) of the complex is in
between complex (1) and (2) whereas the metal-phosphine distance (Ru1-P3 = 2.3525(5)Å)
is highest among the three complexes. The larger metal-phosphine bond distance can be
attributed to triethyl phosphine being a better electron donating group rather than a pacceptor compared to the other two auxiliary ligands (i.e., -PPh3; Ru1-P3 = 2.343(1), PHPh2; Ru1-P3 = 2.3081(5)). The terminal metal hydride is located trans to the borane
ligand with the bond angle of H2…Ru1-H1 = 176.9(9)°, which is almost similar to that in
complex (1).
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Figure 3.7 Displacement ellipsoid plot (50%
probability) of the (POBOP)Ru(H)(PEt3) complex
(3). Atoms belonging to isopropyl groups of the
ligand arms and ethyl groups of triethylphosphine
have been omitted for clarity. Selected bond
distances (Å) and angles (deg): Ru1-B1 = 2.186(2),
Ru1…B2 = 2.252(2), Ru1-H1 = 1.63(2), Ru1…H2 =
1.79(2), Ru1-P3 = 2.3525(5), B2-B1-Ru1 =
68.99(8), B1-B2-Ru1 = 64.99(7), B1-Ru1-P3 =
175.05(4), H2…Ru1-H1 = 176.9(9)

The comparison of the distances between terminal metal hydride and the metal
borohydride interactions, complex with the lowest terminal metal hydride distance (i.e.,
(POBOP)Ru(H)(PHPh2); Ru1-H1 = 1.59(3)Å) has the longest metal borohydride distance
(i.e., (POBOP)Ru(H)(PHPh2); Ru1…H2 = 1.90(3)Å) with the most distortion from the
linear geometry (i.e., (POBOP)Ru(H)(PHPh2); H2…Ru1-H1 = 168(1)°) among the three
complexes of boryl hydride reported here. Furthermore, the trans influence of the boryl
ligand in conjunction with the harmonizing of s-donor p-acceptor capabilities of the
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auxiliary ligands trans to the metal-boron bonds can also be seen among the three
complexes. The shortest metal-boron bond (i.e., (POBOP)Ru(H)(PHPh2); Ru1-B1 =
2.146(2)Å) has the shortest metal-phosphine bond (i.e., (POBOP)Ru(H)(PHPh2); Ru1-P3
= 2.3081(5)Å). This correlation between the distance of the metal-boron bond and the
metal-phosphine bond can’t be made between complex (1) and (3) (i.e., -PPh3 and -PEt3)
due to the fact that all three groups connected to the phosphine are equal.
2.3 Reactivity of (POBOP)Ru(H)(PPh3) complex
The use of metal-boron bond as a nucleophilic reaction center in ruthenium
carboryne bis(carbonyl) has been exploited in literature with the insertion of coinage Lewis
acidic metal cation moieties for the synthesis of heterometallic complexes and in the
reactions with small unsaturated molecules that undergo oxidative and insertion type of
reactivity.31–33 In the literature reported B-carboranyl complexes of Rh and Ni with the
same pincer ligand architecture, the metal center remained attached to the boron vertex
with a direct 2c-2e bonding interaction. In the case of products discussed in this chapter,
the reactivity of the (POBOP)Ru(H)(PPh3) complex was investigated by exploiting the
highly strained, electron rich metal-boron bond in the B-carboranyl cluster in addition to
the terminal metal-hydride and the bridging borane in the complex.
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2.3.1 Protonation of (POBOP)Ru(H)(PPh3) by Bis(trifluoromethanesulfonyl)imide
+
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Figure 3.8 Synthesis of the protonated (POBOP)Ru(H)(PPh3). Unlabeled cluster vertices
represent BH units.

The reaction of complex (1) with bis(trifluoromethanesulfonyl)imide, a strong
inorganic acid, resulted in the protonation of the metal-boron bond with the formation of a
new B-H…M bridging interaction (Figure 3.8). Among the other possible basic sites in the
complex, such as the terminal metal hydride and the bridging borane, the protonation
occurred exclusively at the metal-boron bond, indicating the strongly nucleophilic nature
of the strained Ru-B bond. The immediate formation of the product was observed in the
31

P{1H} NMR spectrum, with the shift of signals corresponding to the phosphinite donor

arms (i.e., an upfield shift of the doublet from 221.7 ppm to 211. 41 ppm) and the metal
coordinated PPh3 (i.e., a downfield shift of the broad singlet from 52.0 ppm to 56.65 ppm).
Furthermore, in the proton coupled 11B NMR spectrum, signals appeared as doublets due
to the B-H and B-H…M interactions which is different from the parent compound. The
interesting feature of the 1H NMR spectrum of the product is the disappearance of the signal
at -8.95 ppm observed in the parent compound and the appearance of two new signals at -
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3.66 ppm as a quartet and at -7.74 ppm as a doublet with the relative integral intensities of
1:2. The single crystals of the product were obtained from the slow evaporation of a
saturated diethyl ether solution at room temperature. The crystal structure indicated the
cationic charge of the complex with [N(SO2CF3)2]- accompanying as a weakly coordinating
counter anion (Figure 3.9). The metal-boron bond distances (Ru1…B1 = 2.327(3)Å and
Ru1…B2 = 2.289(2)Å) indicate that there is no longer a direct metal-boryl interaction but
instead there are two 3c-2e bridging B-H…Ru interactions. The terminal metal hydride and
one of the borohydride ligands are arranged in an almost linear orientation (H2…Ru1-H3 =
172(1)°) trans to each other while the other borohydride ligand is cis to the terminal metal
hydride.

Figure 3.9 Displacement ellipsoid plot (50% probability) of the
[(POBBOP)Ru(H)2(H)(PPh3)]+ (4). Atoms belonging to isopropyl groups of the ligand
arms and phenyl groups of triphenylphosphine have been omitted for clarity. Selected
bond distances (Å) and angles (deg): Ru1…B1 = 2.327(3), Ru1…B2 = 2.289(2), Ru1…H1
= 1.78(2), Ru1…H2 = 1.81(2), Ru1…H3 = 1.63(2), Ru1-P3 = 2.3224(7), H1…Ru1-P3 =
162.6(8), H2…Ru1-H3 = 172(1)
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2.3.2 Reaction of CuCl to form heterobimetallic complex with Ru-Cu bond
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Figure 3.10 Synthesis of the Ru-Cu heterobimetallic complex.
Unlabeled cluster vertices represent BH units.

Metal-boron bonds in (BB)>Ru carboryne complexes have been utilized in
synthesizing heterometallic complexes via insertion of cationic Lewis acidic metal
moieties into electron-rich metal-boron bonds. Thus, (POBOP)Ru(H)(PPh3) also contains
an electron rich, strained (exohedral B2-B1-Ru1 = 69.4(2)Å) exohedral metal-boron bond,
the reaction with CuCl in THF at room temperature resulted in the formation of a
heterobimetallic complex with the insertion of CuCl into the metal-boron bond resulting a
bridging B-Cu…Ru interaction (Figure 3.10). The corresponding reaction resulted the clean
formation of the metal insertion product according to the 31P{1H} NMR spectroscopy. The
insertion of Cu(I) cation in the metal-boron bond resulted the upfield shift of the signal
from 221.7 ppm to 203.88 ppm corresponding to the donor phosphinite arms of the
complex. Similar type of upfield shift of the signal was observed in the reaction of
ruthenium carboryne bis(carbonyl) complex with CuCl (i.e., (POBBOP)Ru(CO)2; 217.1
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ppm, [(POBBOP)(Ru)(CO)2(Cu)(Cl)]2; 204.2 ppm) which resulted the formation of the
bimetallic complex via the insertion of the metal moiety to the Ru-B bond. The signal
corresponding to the PPh3 ligand was observed at 52.07 ppm as a broad singlet. In the
proton coupled 11B NMR spectrum, the signal related to the metalated B-vertex appeared
as a singlet while signals corresponding to other B atoms in the cluster showed splitting
due to the

11

B-1H coupling. Single crystals of complex (5) were obtained by slow

evaporation of a saturated solution of hexane at room temperature. The structure revealed
insertion of the CuCl moiety into the metal-boron bond of complex (1) resulting in the
formation of exohedral B-Cu bond (Figure 3.11) with the bond distance of B2-Cu1 =
2.096(2) Å, which is in the same range as [(POBBOP)Ru(CO)2(Cu)(Cl)]2 complex
previously reported by the insertion of a CuCl moiety to the metal-boron bond in the
(POBBOP)Ru(CO)2 (i.e., B-Cu = 2.029(2) Å). Furthermore, the Cu1-Ru1 bond distance is
2.5428(4) Å, which is also in the same range as the previously reported bimetallic complex
(i.e., Cu-Ru = 2.630(1) Å). The Ru-B distances (B1…Ru1 = 2.317(2) Å, B2…Ru1 =
2.213(2) Å) are longer than those in the parent complex (1) (Ru1-B1 = 2.208(3) Å) which
has direct Ru-B bonding interactions. This can be attributed to the presence of B-H…Ru
and B-Cu…Ru bridging interactions. The borane and the terminal hydride are arranged in
a linear orientation (H1…Ru1-H11 = 178(1)°).
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Figure 3.11 Displacement ellipsoid plot (50% probability)
of the (POBOP)Ru(H)(PPh3)(CuCl) complex (5). Atoms
belonging to isopropyl groups of the ligand arms and
phenyl groups of triphenylphosphine have been omitted
for clarity. Selected bond distances (Å) and angles (deg):
B1…Ru1 = 2.317(2), B2…Ru1 = 2.213(2), B2-Cu1 =
2.096(2), Cu1-Ru1 = 2.5428(4), Ru1…H1 = 1.86(2), Ru1H11 = 1.59(2), Cu1…H11 = 1.94(2), Ru1-P3 = 2.3623(5),
H1…Ru1-H11 = 178(1)
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2.3.3 Reaction of SnCl2 to form heterobimetallic complex with Ru-Sn bond.
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Figure 3.12 Synthesis of (POBOP)Ru(H)(SnCl2) complex.
Unlabeled cluster vertices represent BH units.

The reaction of SnCl2 with complex (1) resulted in the clean formation of a single
product at room temperature after 5 days (Figure 3.12). According to the 31P{1H} NMR
spectrum, the doublet at 221.7 ppm which corresponds to the phosphinite donor arms of
the pincer ligand exhibited a strong downfield shift to 247 ppm in addition to appearing as
a singlet. This can be attributed to the dissociation of the triphenylphosphine ligand from
the metal center and the coordination of the tin chloride moiety to the ruthenium center.
Furthermore, the signal corresponds to the free triphenylphosphine was also observed at 5.74 ppm in the 31P{1H} NMR spectrum of the reaction mixture. In the 1H NMR spectrum,
the broad singlet at -8.95 ppm related to the terminal hydride and bridging borohydride of
the parent compound disappeared with the appearance of a triplet at -13.23 ppm
corresponding to the metal-hydride. The (POBOP)Ru(H)(SnCl2) (6) complex was only
characterized using the spectroscopic data as no single crystals formed after numerous
crystallization attempts.
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2.3.4 Catalytic transfer hydrogenation of acetophenone with isopropanol
Peryshkov and coworker have reported the use of (POBOP)Ru(H)(PPh3) as a
catalyst for the transfer dehydrogenation of cyclooctane to cyclooctene with the use of tertbutylethylene as the hydrogen atom acceptor. Inspired by that work, (POBOP)Ru(H)(PPh3)
complex was probed as a transfer hydrogenation catalyst in the presence of acetophenone
and isopropanol (Figure 3.13).
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Cat. (POBOP)Ru(H)(PPh3)

+
H

C 6D 6

H
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+

Figure 3.13 Catalytic transfer hydrogenation of acetophenone with
isopropanol.

The formation of 1-phenylethanol and acetone was observed in the 1H NMR
spectrum. Interestingly, 31P{1H} NMR spectrum contained only the signals corresponding
to the parent (POBOP)Ru(H)(PPh3) complex. During the course of the reaction, no new
signals appeared in the

31

P{1H} NMR spectrum indicating that the resting state of the

catalytically active species is the hydride boryl complex (POBOP)Ru(H)(PPh3).
3. Conclusion
In summary, by using the (POBOP) pincer ligand framework, a series of ruthenium
carboranyl hydride complexes with different phosphine groups trans to the metal-boron
bond were synthesized. The combination of heteroleptic environment of the metal center
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such as the terminal metal hydride, bridging borane, and the metal boryl led to the
cooperative metal-ligand reactivity. Through the use of different phosphine groups, bond
distance and the bond strain of the metal-boron can be influenced to enhance the reactivity
of the Ru-B bond. The reactivity demonstrated by the (POBOP)Ru(H)(PPh3) complex can
be used as a starting point to explore the reactivity of the other two ruthenium carboranyl
hydride complexes. Moreover, the highly strained metal-boron bonds in these compounds
exhibited strong nucleophilic behavior.
4. Experimental section
All synthetic manipulations, unless stated otherwise, were carried out either in a
nitrogen-filled VAC drybox or on a dual manifold Schlenk-style vacuum line. The solvents
were sparged with nitrogen, passed through activated alumina, and stored over activated 4
Å Linde-type molecular sieves. Benzene-d6 were degassed and stored over activated 4 Å
Linde-type molecular sieves. NMR spectra were recorded using Varian spectrometers at
400 (1H), 100 (13C), 162 (31P), 128 (11B) MHz, reported in d (parts per million) and
referenced to the residual 1H/13C signals of the deuterated solvent or an external 85%
phosphoric acid (31P(d): 0.0 ppm) and BF3(Et2O) (11B(d): 0.0 ppm) standards. J values are
given in Hz.
1,7-Dihydroxy-m-carborane

and

1,7-OP(i-Pr)2-m-carborane

were

prepared

according to the previously reported literature procedure.34,35 Ru(PPh3)3Cl2, m-carborane
(Katchem), P(CH(CH3)2)2Cl, sodium hydride, triethyl phosphine, BH3.SMe2 (2M in THF),
copper(I) chloride, tin chloride, bis(trifluoromethanesulfonyl)imide and isopropanol were
used as received.
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(POBOP)Ru(H)(PPh3) was synthesized according to the previously reported
literature procedure.17
4.1 Synthesis of (POBOP)Ru(H)(PHPh2) (2).
Isopropanol (15 mg; 0.227 mmol, 4 equiv.) was added to a solution of Ru carboryne
bis(diphenylphosphine) (50 mg; 0.057 mmol) in THF (1 mL) in a J. Young valve. The
reaction mixture was heated at 70 °C for 48 h. The volatiles were removed under vacuum
from the reaction mixture to obtain a reddish-brown solid. The solid was washed with
hexane (1 mL × 3) to remove any impurities and dried completely under vacuum. The solid
was further purified by washing with acetonitrile (1 mL × 3) and dried thoroughly under
vacuum. NMR Yield > 95%
31

11

P{1H} (C6D6): d 223.88 (d, 2P, Ru-P-donor arm), 20.88 (br, 1P, Ru-PHPh2).

B{1H} (C6D6): d -7.65 (B-Ru), -12.86 (B-H), -16.41 (B-H). 13C (C6D6): d 138.6 – 128.9

((C6H5)2PPH), 110.9 (s, C2B10H8), 29.5 (t, P(CH(CH3)2)2), 17.3 (s, P(CH(CH3)2)2).
4.2 Synthesis of (POBOP)Ru(H)(PEt3) (3).
Triethyl phosphine (11.6 mg; 0.098 mmol, 2 equiv.) was added to a solution of Ru
carboryne bis(benzonitrile) (35 mg; 0.049 mmol) in THF (2 mL). The mixture was stirred
at room temperature overnight. The volatiles were removed under vacuum to obtain a
reddish-brown color solid. The solid was washed with hexane (1 mL × 3) to remove any
impurities and dried thoroughly. Next, the solid was re-dissolved in THF (1 mL) and
BH3.SMe2 (2 M in THF, 0.02 mL; 0.049 mmol, 1.1 equiv.) was added to the solution and
stirred at room temperature for 1 hr. The volatiles were removed from the reaction mixture
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under vacuum to obtain a reddish-brown solid. The solid was washed with hexane to
remove any impurities and dried thoroughly to obtain the product. NMR Yield > 60%
31

11

P{1H} (C6D6): d 224.56 (d, 2P, Ru-P-donor arm), 25.90 (br, 1P, Ru-PEt3).

B{1H} (C6D6): d -7.76 (B-Ru), -13.63 (B-H), -17.40 (B-H).

4.3 Synthesis of [(POBBOP)Ru(H)2(H)(PPh3)]+ (4).
Bis(trifluoromethanesulfonyl)imide (16 mg, 0.057 mmol, 1.1 equiv.) was added to
a solution of (POBOP)Ru(H)(PPh3) complex (1) (40 mg; 0.052 mmol) in dichloromethane
(1 mL) in a J. Young valve. The reaction happened immediately after mixing the reactants
resulting an orange color solution. The volatiles were removed under vacuum to obtain an
orange color oily solid. The solid was washed with hexane (1 mL × 3) and dried completely
to remove any volatiles. Next the solid was washed with diethyl ether (1 mL × 3) and dried
thoroughly to obtain an orange color product. NMR Yield > 90%
31

11

P{1H} (CD2Cl2): d 211. 41 (d, 2P, Ru-P-donor arm), 56.65 (br, 1P, Ru-PPh3).

B{1H} (C6D6): d -12.57 (B-H…Ru), -14.50 (B-H), -15.38 (B-H), -20.27 (B-H).

4.4 Synthesis of (POBOP)Ru(H)(PPh3)(CuCl) (5).
Copper (I) chloride (6.4 mg; 0.065 mmol, 1 equiv.) was added to a solution of
(POBOP)Ru(H)(PPh3) complex (1) (50 mg; 0.065 mmol) in THF (1 mL). The reaction
mixture kept at room temperature for 4 days. The reaction mixture was filtered inside the
glove box and the volatiles were removed from the filtrate under vacuum to obtain a brown
color solid. The solid was washed with hexane to remove any impurities and dried
thoroughly under vacuum. NMR Yield > 95%
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31

11

P{1H} (C6D6): d 203.88 (d, 2P, Ru-P-donor arm), 52.07 (br, 1P, Ru-PPh3).

B{1H} (C6D6): d -8.14 (B-Cu), -13.39 (B-H), -14.86 (B-H), -17.99 (B-H).

4.5 Synthesis of (POBOP)Ru(H)(SnCl2) (6).
Tin chloride (24 mg; 0.13 mmol, 2 equiv.) was added to a solution of
(POBOP)Ru(H)(PPh3) complex (1) (50 mg; 0.065 mmol) in THF (1 mL). The reaction
mixture kept at room temperature for 5 days. The volatiles were removed under vacuum
from the reaction mixture to obtain a reddish-brown solid. The solid was washed with
hexane (1 mL × 3) to remove any impurities and dried completely under vacuum. NMR
Yield > 95%
31

P{1H} (C6D6): d 247.00 (s, 2P, Ru-P-donor arm)

4.6 Structure Determination Details
X-ray intensity data from a colorless plate were collected at 100(2) K using a
Bruker D8 QUEST diffractometer equipped with a PHOTON-II area detector and an
Incoatec microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw area detector data
frames were reduced, scaled and corrected for absorption effects using the Bruker APEX3,
SAINT+ and SADABS programs.36,37 The structure was solved with SHELXT.38,39
Subsequent difference Fourier calculations and full-matrix least-squares refinement against
F2 were performed with SHELXL-201838,39 using OLEX2.40
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4.6.1 X-ray Structure Determination of (POBOP)Ru(H)(PHPh2) (2).
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in Fourier difference maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and Uiso(H) =
1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for
methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. The hydride bonded to Ru1 and all
hydrogen atoms bonded to boron and phosphorus were located and refined freely. The
largest residual electron density peak in the final difference map is 0.87 e-/Å3, located 0.75
Å from Ru1.
4.6.2 X-ray Structure Determination of (POBOP)Ru(H)(PEt3) (3).
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference Fourier maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) =
1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
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group to the orientation of maximum observed electron density. The hydride atom H1 and
all hydrogen atoms bonded to boron were located and refined freely. The largest residual
electron density peak in the final difference map is 0.78 e-/Å3, located 0.92 Å from H1.
4.6.3 X-ray Structure Determination of [(POBBOP)Ru(H)2(H)(PPh3)]+ (4).
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of two crystallographically
independent [Ru(H)(C14H38B10O2P2)(P(C6H5)3)]+ cations and two crystallographically
independent [C2F6NO4S2]- anions. Both [C2F6NO4S2]- anions are disordered. Half of anion
N1A is disordered, occupying two closely separated orientations caused by a different
positioning of one of the -SO2CF3 arms. Minor component atoms of this anion were given
label suffixes C. The entire anion N1B is disordered over two positions. Minor component
atoms of this anion were given label suffixes D. Disorder population fractions refined to
N1A/N1C = 0.935(2) and N1B/N1D = 0.925(2). A total of 55 restraints were used in
modeling the anion disorder. The geometry of the minor components of each anion were
restrained to be similar to those of the major using SHELX SAME instructions. All nonhydrogen atoms were refined with anisotropic displacement parameters except for the
minor components atoms of anion N1D (isotropic). The anisotropic displacement
parameters of disordered atoms which appear nearly superimposed were held equal
(EADP). Hydrogen atoms bonded to carbon were located in Fourier difference maps before
being placed in geometrically idealized positions and included as riding atoms with d(CH) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and
Uiso(H) = 1.2Ueq(C) for aromatic hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) =
1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
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group to the orientation of maximum observed electron density. All hydrogen atoms
bonded to boron and both independent hydrides H1AA and H1BB were located in
difference maps and refined freely. The largest residual electron density peak in the final
difference map is 0.57 e-/Å3, located 0.92 Å from O12D.
4.6.4 X-ray Structure Determination of (POBOP)Ru(H)(PPh3)(CuCl) (5).
The compound crystallizes in the orthorhombic system. The pattern of systematic
absences in the intensity data was uniquely consistent with the space group Pbca, which
was confirmed by structure solution. The asymmetric unit consists of one molecule. All
non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen
atoms bonded to carbon were located in Fourier difference maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and Uiso(H) =
1.2Ueq(C) for aromatic hydrogen atoms, and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C)
for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. The hydride H11 and all hydrogen
atoms bonded to boron were located in difference maps and refined freely. Near
convergence, two electron density peaks of magnitude 2.4 and 1.8 e-/Å3 were observed
near Cl1 and Cu1, respectively. The peaks were separated by 2.13 Å (The Cu1-Cl1
distance) and suggested a minor disorder fraction of the Cu and Cl atoms. Trial refinements
supported this model, with the occupancies of both two peaks refining to 0.06 Cl and 0.06
Cu, respectively, while the major component Cu and Cl occupancies refined to ca. 0.94.
Including this disorder fraction in the refinement lowered the R1 value to 0.029 and gave
ρ(max) = 1.46 e-/Å3. Omitting the two peaks gave R1 = 0.033 and the aforementioned
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difference map peaks. For the final disorder model refinement cycles, the total Cu and Cl
site occupancies were constrained to sum to one, and the anisotropic displacement
parameters of each component atom pair was held equal. The minor disorder fraction
refined to 0.063(2) Cu1B / Cl1B. This residual electron density likely arises from a ca. 6%
disorder component afflicting the whole molecule but primarily observed in the Cu and Cl
atoms, whose atomic positions show the largest displacement from the primary molecular
orientation in the crystal. The disorder was therefore only modeled for the Cu and Cl atoms,
and only derived parameters from the major component should be considered. The largest
residual electron density peak in the final difference map of 1.46 e-/Å3 is located 0.75 Å
from P2, consistent with minor disorder affecting this atom, but was not modeled.
Table 3.1 Crystallographic table for single crystal X-ray data for compounds (2) and (3)
(POBOP)Ru(H)(PHPh2)
(POBOP)Ru(H)(PEt3) (3)
(2)
Empirical formula

C26H49B10O2P3Ru

C20H53B10O2P3Ru

Formula weight

695.73

627.70

Temperature/K

100(2)

100(2)

Crystal system

triclinic

monoclinic

Space group

P-1

P21/n

a/Å

10.5649(6)

8.8604(3)

b/Å

12.0739(8)

19.0869(7)

c/Å

14.0737(8)

18.5603(7)

α/°

97.295(2)

90
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β/°

107.971(2)

93.287(2)

γ/°

98.846(2)

90

Volume/Å3

1658.03(17)

3133.7(2)

Z

2

4

ρcalcg/cm3

1.394

1.330

μ/mm-1

0.643

0.672

F(000)

720.0

1312.0

Crystal size/mm3

0.22 × 0.18 × 0.06

0.2 × 0.18 × 0.12

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

4.204 to 61.11

4.396 to 60.23

-15 ≤ h ≤ 15, -17 ≤ k ≤

-12 ≤ h ≤ 12, -26 ≤ k ≤ 26, -26

17, -19 ≤ l ≤ 20

≤ l ≤ 26

56426

183687

10109 [Rint = 0.0610,

9237 [Rint = 0.0564, Rsigma =

Rsigma = 0.0472]

0.0236]

2Θ range for data
collection/°
Index ranges
Reflections collected

Independent reflections
Data/restraints/parameters 10109/0/431

9237/0/376

Goodness-of-fit on F2

1.037

1.061

Final R indexes [I>=2σ

R1 = 0.0371, wR2 =

(I)]

0.0733
R1 = 0.0532, wR2 =

Final R indexes [all data]
0.0795

134

R1 = 0.0263, wR2 = 0.0511

R1 = 0.0369, wR2 = 0.0539

Largest diff. peak/hole / e
0.87/-0.88

Å-3

0.78/-0.47

Flack parameter

Table 3.2 Crystallographic table for single crystal X-ray data for compounds (4) and (5)
[(POBBOP)Ru(H)2(H)(PPh3)]+

(POBOP)Ru(H)(PPh3)(Cu

(4)

Cl) (5)

Empirical formula

C34H54B10F6NO6P3RuS2

C32H53B10ClCuO2P3Ru

Formula weight

1052.98

870.81

Temperature/K

100(2)

100(2)

Crystal system

triclinic

orthorhombic

Space group

P-1

Pbca

a/Å

11.1946(5)

17.2591(8)

b/Å

20.0045(9)

16.5178(7)

c/Å

23.1409(9)

27.4631(12)

α/°

66.3640(10)

90

β/°

80.6610(10)

90

γ/°

86.772(2)

90

Volume/Å3

4684.4(4)

7829.2(6)

Z

4

8

ρcalcg/cm3

1.493

1.478
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μ/mm-1

0.593

1.151

F(000)

2152.0

3568.0

Crystal size/mm3

0.22 × 0.18 × 0.12

0.38 × 0.2 × 0.03

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)

4.288 to 56.742

4.522 to 56.726

-14 ≤ h ≤ 14, -26 ≤ k ≤ 26, -30 ≤

-23 ≤ h ≤ 23, -22 ≤ k ≤ 22, -

l ≤ 30

36 ≤ l ≤ 36

2Θ range for data
collection/°
Index ranges
Reflections collected 165974

171935

Independent

23399 [Rint = 0.0670, Rsigma =

9757 [Rint = 0.0483, Rsigma

reflections

0.0557]

= 0.0192]

23399/55/1316

9757/0/506

1.009

1.042

R1 = 0.0385, wR2 = 0.0646

R1 = 0.0291, wR2 = 0.0602

R1 = 0.0677, wR2 = 0.0720

R1 = 0.0377, wR2 = 0.0634

0.57/-0.58

1.46/-0.73

Data/restraints/para
meters
Goodness-of-fit on
F2
Final R indexes
[I>=2σ (I)]
Final R indexes [all
data]
Largest diff.
peak/hole / e Å-3
Flack parameter

136

5. References
(1)

Bontemps, S.; Bouhadir, G.; Gu, W.; Mercy, M.; Chen, C.-H.; Foxman, B. M.;
Maron, L.; Ozerov, O. V.; Bourissou, D. Metallaboratranes Derived from a
Triphosphanyl–Borane: IntrinsicC3 Symmetry Supported by a Z-Type Ligand.
Angew. Chem. Int. Ed. 2008, 120 (8), 1503–1506.

(2)

Hill, A. F.; Lee, S. B.; Park, J.; Shang, R.; Willis, A. C. Analogies between
Metallaboratranes,

Triboronates,

and

Boron

Pincer

Ligand

Complexes.

Organometallics 2010, 29 (21), 5661–5669.
(3)

Owen, G. R. Functional Group Migrations between Boron and Metal Centres within
Transition Metal–Borane and –Boryl Complexes and Cleavage of H–H, E–H and
E–E′ Bonds. Chem. Commun. 2016, 52 (71), 10712–10726.

(4)

Harman, W. H.; Peters, J. C. Reversible H 2 Addition across a Nickel–Borane Unit
as a Promising Strategy for Catalysis. J. Am. Chem. Soc. 2012, 134 (11), 5080–5082.

(5)

Spokoyny, A. M.; Reuter, M. G.; Stern, C. L.; Ratner, M. A.; Seideman, T.; Mirkin,
C. A. Carborane-Based Pincers: Synthesis and Structure of SeBSe and SBS Pd(II)
Complexes. J. Am. Chem. Soc. 2009, 131 (27), 9482–9483.

(6)

Tsang, M. Y.; Viñas, C.; Teixidor, F.; Planas, J. G.; Conde, N.; SanMartin, R.;
Herrero, M. T.; Domínguez, E.; Lledós, A.; Vidossich, P.; Choquesillo-Lazarte, D.
Synthesis, Structure, and Catalytic Applications for Ortho - and Meta -Carboranyl
Based NBN Pincer-Pd Complexes. Inorg. Chem. 2014, 53 (17), 9284–9295.

(7)

Eleazer, B. J.; Smith, M. D.; Peryshkov, D. V. Metal- and Ligand-Centered
Reactivity of Meta -Carboranyl-Backbone Pincer Complexes of Rhodium.
Organometallics 2016, 35 (2), 106–112.

137

(8)

Eleazer, B. J.; Smith, M. D.; Peryshkov, D. V. POBOP Pincer Complexes of
Nickel(II): Synthesis and B H Activation of the Carborane Ligand upon Oxidation
with Iodine. J. Organomet. Chem. 2017, 829, 42–47.

(9)

El-Zaria, M. E.; Arii, H.; Nakamura, H. M -Carborane-Based Chiral NBN PincerMetal Complexes: Synthesis, Structure, and Application in Asymmetric Catalysis.
Inorg. Chem. 2011, 50 (9), 4149–4161.

(10)

Yamashita, M. The Organometallic Chemistry of Boron-Containing Pincer Ligands
Based on Diazaboroles and Carboranes. Bull. Chem. Soc. Jpn. 2016, 89 (3), 269–
281.

(11)

Grimes, R. N. Carboranes, 3rd ed.; Academic Press, Amsterdam, 2016.

(12)

Bregadze, V. I. Dicarba-Closo-Dodecaboranes C2B10H12 and Their Derivatives.
Chem. Rev. 1992, 92 (2), 209–223.

(13)

Valliant, J. F.; Guenther, K. J.; King, A. S.; Morel, P.; Schaffer, P.; Sogbein, O. O.;
Stephenson, K. A. The Medicinal Chemistry of Carboranes. Coord. Chem. Rev.
2002, 232 (1–2), 173–230.

(14)

Grimes, R. N. Carboranes in the Chemist’s Toolbox. Dalt. Trans. 2015, 44 (13),
5939–5956.

(15)

Popescu, A. R.; Teixidor, F.; Viñas, C. Metal Promoted Charge and Hapticities of
Phosphines: The Uniqueness of Carboranylphosphines. Coord. Chem. Rev. 2014,
269 (1), 54–84.

(16)

Spokoyny, A. M. New Ligand Platforms Featuring Boron-Rich Clusters as
Organomimetic Substituents. Pure Appl. Chem. 2013, 85 (5), 903–919.

(17)

Eleazer, B. J.; Smith, M. D.; Popov, A. A.; Peryshkov, D. V. Rapid Reversible

138

Borane to Boryl Hydride Exchange by Metal Shuttling on the Carborane Cluster
Surface. Chem. Sci. 2017, 8 (8), 5399–5407.
(18)

Scholz, M.; Hey-Hawkins, E. Carbaboranes as Pharmacophores: Properties,
Synthesis, and Application Strategies. Chem. Rev. 2011, 111 (11), 7035–7062.

(19)

Kirlikovali, K. O.; Axtell, J. C.; Gonzalez, A.; Phung, A. C.; Khan, S. I.; Spokoyny,
A. M. Luminescent Metal Complexes Featuring Photophysically Innocent Boron
Cluster Ligands. Chem. Sci. 2016, 7 (8), 5132–5138.

(20)

McArthur, S. G.; Jay, R.; Geng, L.; Guo, J.; Lavallo, V. Below the 12-Vertex: 10Vertex Carborane Anions as Non-Corrosive, Halide Free, Electrolytes for
Rechargeable Mg Batteries. Chem. Commun. 2017, 53 (32), 4453–4456.

(21)

Núñez, R.; Romero, I.; Teixidor, F.; Viñas, C. Icosahedral Boron Clusters: A Perfect
Tool for the Enhancement of Polymer Features. Chem. Soc. Rev. 2016, 45 (19),
5147–5173.

(22)

Xie, Z. Cyclopentadienyl−Carboranyl Hybrid Compounds: A New Class of
Versatile Ligands for Organometallic Chemistry. Acc. Chem. Res. 2003, 36 (1), 1–
9.

(23)

Axtell, J. C.; Kirlikovali, K. O.; Djurovich, P. I.; Jung, D.; Nguyen, V. T.; Munekiyo,
B.; Royappa, A. T.; Rheingold, A. L.; Spokoyny, A. M. Blue Phosphorescent
Zwitterionic Iridium(III) Complexes Featuring Weakly Coordinating Nido Carborane-Based Ligands. J. Am. Chem. Soc. 2016, 138 (48), 15758–15765.

(24)

Teixidor, F.; Flores, M. A.; Viñas, C.; Sillanpää, R.; Kivekäs, R. Exo-Nido Cyclooctadienerhodacarboranes: Synthesis, Reactivity, and Catalytic Properties in
Alkene Hydrogenation. J. Am. Chem. Soc. 2000, 122 (9), 1963–1973.

139

(25)

Farha, O. K.; Spokoyny, A. M.; Mulfort, K. L.; Hawthorne, M. F.; Mirkin, C. A.;
Hupp, J. T. Synthesis and Hydrogen Sorption Properties of Carborane Based
Metal−Organic Framework Materials. J. Am. Chem. Soc. 2007, 129 (42), 12680–
12681.

(26)

Lavallo, V.; Wright, J. H.; Tham, F. S.; Quinlivan, S. Perhalogenated Carba- Closo
-Dodecaborate Anions as Ligand Substituents: Applications in Gold Catalysis.
Angew. Chem. Int. Ed. 2013, 52 (11), 3172–3176.

(27)

Lee, Y. H.; Park, J.; Lee, J.; Lee, S. U.; Lee, M. H. Iridium Cyclometalates with
Tethered o -Carboranes: Impact of Restricted Rotation of o -Carborane on
Phosphorescence Efficiency. J. Am. Chem. Soc. 2015, 137 (25), 8018–8021.

(28)

Schwartz, J. J.; Mendoza, A. M.; Wattanatorn, N.; Zhao, Y.; Nguyen, V. T.;
Spokoyny, A. M.; Mirkin, C. A.; Baše, T.; Weiss, P. S. Surface Dipole Control of
Liquid Crystal Alignment. J. Am. Chem. Soc. 2016, 138 (18), 5957–5967.

(29)

Carter, T. J.; Mohtadi, R.; Arthur, T. S.; Mizuno, F.; Zhang, R.; Shirai, S.; Kampf,
J. W. Boron Clusters as Highly Stable Magnesium-Battery Electrolytes. Angew.
Chem. Int. Ed. 2014, 126 (12), 3237–3241.

(30)

Eleazer, B. J.; Smith, M. D.; Peryshkov, D. V. Reaction of a Ruthenium BCarboranyl Hydride Complex and BH3(SMe2): Selective Formation of a PincerSupported Metallaborane LRu(B3H8). Tetrahedron 2019, 75 (11), 1471–1474.

(31)

Eleazer, B. J.; Smith, M. D.; Popov, A. A.; Peryshkov, D. V. (BB)-Carboryne
Complex of Ruthenium: Synthesis by Double B–H Activation at a Single Metal
Center. J. Am. Chem. Soc. 2016, 138 (33), 10531–10538.

(32)

Eleazer, B. J.; Smith, M. D.; Popov, A. A.; Peryshkov, D. V. Expansion of the

140

(BB)>Ru Metallacycle with Coinage Metal Cations: Formation of B–M–Ru–B (M
= Cu, Ag, Au) Dimetalacyclodiboryls. Chem. Sci. 2018, 9 (9), 2601–2608.
(33)

Eleazer, B. J.; Jayaweera, H. D. A. C.; Gange, G. B.; Smith, M. D.; Martin, C. R.;
Park, K. C.; Popov, A. A.; Peryshkov, D. V. Bimetallic Ru–Pd and Trimetallic Ru–
Pd–Cu Assemblies on the Carborane Cluster Surface. Inorg. Chem. 2021, 60 (22),
16911–16916.

(34)

Ohta, K.; Goto, T.; Yamazaki, H.; Pichierri, F.; Endo, Y. Facile and Efficient
Synthesis of C -Hydroxycarboranes and C , C ‘-Dihydroxycarboranes. Inorg. Chem.
2007, 46 (10), 3966–3970.

(35)

Eleazer, B. J.; Smith, M. D.; Peryshkov, D. V. Metal- and Ligand-Centered
Reactivity of Meta -Carboranyl-Backbone Pincer Complexes of Rhodium.
Organometallics 2016, 35 (2), 106–112.

(36)

APEX3 Version 2018.1-0 and SAINT+ Version 8.38A; Bruker AXS, Inc., Madison,
Wisconsin, USA, 2016.

(37)

Krause, L.; Herbst-Irmer, R.; Sheldrick, G. M.; Stalke, D. Comparison of Silver and
Molybdenum

Microfocus

X-Ray

Sources

for

Single-Crystal

Structure

Determination. J. Appl. Crystallogr. 2015, 48 (1), 3–10.
(38)

Sheldrick, G. M. SHELXT – Integrated Space-Group and Crystal-Structure
Determination. Acta Crystallogr. Sect. A Found. Adv. 2015, 71 (1), 3–8.

(39)

Sheldrick, G. M. Crystal Structure Refinement with SHELXL. Acta Crystallogr.
Sect. C Struct. Chem. 2015, 71 (1), 3–8.

(40)

Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H.
OLEX2 : A Complete Structure Solution, Refinement and Analysis Program. J.

141

Appl. Crystallogr. 2009, 42 (2), 339–341.

142

CHAPTER 4
SYNTHESIS OF RUTHENIUM CARBORANYL COMPLEXES
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1. Introduction
The use of different coordination modes for catalysis has become an attractive area
in synthetic inorganic chemistry. Among the different classes of molecules that exhibit
variety of coordination modes, boron shows a rich diversity in coordination chemistry.1,2
The capability of boron atom to coordinate to a diverse array of transition metals has
resulted the formation of metal-boron bonding interactions with different coordination
modes.3–6 Among other compounds, closo-dicarbadodecaboranes (C2B10H12), are
icosahedral boron clusters that are rich in boron, which can be utilized in forming metalboron interactions with different coordination modes in transition metal complexes.7–10 In
addition, the use of carborane cluster as the backbone in the rigid pincer ligand framework
in order to form metal-boron bonding interactions with different coordination modes have
been employed recently.7–9,11–13 The unique three dimensional structure of the carborane
cluster is formed by the bonding of ten boron atoms and two carbon atoms together by
electron deficient 3c-2e bonds.2,13–18 Carborane clusters have been used in novel type of
ligands in addition to the use in metal-organic frameworks, pharmaceuticals, liquid
crystals, electrochemistry, luminescent materials and photophysics.18–25
The 3D geometry of the carborane cluster results the formation of B-H…M
interactions with the metal center due to having five cluster atoms in close proximity with
the metalated boron vertex demonstrating versatile coordination modes that has been
utilized in cooperative reactivity.2,13,17,18,26 The bridging coordination mode of the cluster
to the metal center with B-H…M agostic interactions, which is resulted by the formation of
the bridging borohydride. These types of interactions that results cation-anion pairs are
usually observed between cationic metal complexes and anionic heteroborane moieties.27–
144
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The unique formation of the 2c-2e metal-boron interaction as well as the 3c-2e B-H…M

bridging interaction in the same transition metal complex was first reported by Peryshkov
and coworkers by utilizing the 1,7-OP(i-Pr)2-m-carborane (POBOP)H, pincer ligand
framework with a carborane backbone.10,11 The reported (POBOP)Ru(Cl)(PPh3) complex
contains a triphenylphosphine ligand trans to the borane and the chloride ligand trans to
the boryl ligand forming a strained highly reactive metal complex.
Here in, the synthetic knowledge related to this type of compounds have been
expanded by synthesizing an array of metal complexes having 2c-2e direct metal-boron
interaction and 3c-2e B-H…M bridging interaction with different ancillary ligands such as
nitrile, phosphine and cycloalkene.
2. Results and Discussion
2.1 Synthesis of (POBOP)Ru(Cl)(CH3CN) complex
P(iPr)2

O

H

C

B

B
C

O

H
P(iPr)2

iPr

(i) [(cymene)RuCl2]2
(ii) excess NEt3
Acetonitrile:THF
90 οC for 4 days

P

O
B
B

H

Cl
Ru
NCCH3

O

P
iPr

1

iPr

iPr

2
(POBOP)Ru(Cl)(CH3CN)

(POBOP)H

Figure 4.1 Synthesis of (POBOP)Ru(Cl)(CH3CN) complex
(2). Unlabeled cluster vertices represent BH units.
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The synthesis of the pincer ligand, (POBOP)H [1,7-OP(i-Pr)2-m-carborane] was
carried out using a previously reported literature procedure.11 The reaction of the ligand
precursor with dichloro(p-cymene)ruthenium(II) dimer in the presence of excess
triethylamine in a solvent mixture of acetonitrile and THF resulted the clean formation of
the product after heating at 90 °C for 4 days (Figure 4.1). The product formation was
monitored using the
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P{1H} NMR spectroscopy, which resulted the appearance of a

singlet at 202 ppm corresponding to the donor phosphinite arms of complex (2).
Furthermore, a quartet was observed in the 1H spectrum at -13.71 ppm related to the
bridging borohydride. The signal is observed as a quartet due to the BH coupling of the
bridging H atom with the B atom of the carborane cluster. The golden orange color single
crystals of complex (2) were obtained by the slow evaporation from a saturated solution of
diethyl ether. According to the single crystal X-ray structure, the metal-boron bond
distance (Ru1-B1 = 2.127(6) Å) is slightly shorter than the bridging borane-metal bond
distance (Ru1…B2 = 2.213(6) Å). The slight bond elongation is due to the bridging B-H…M
interaction (Figure 4.2). The metal-boron bond distance is in the vicinity of the previously
reported ruthenium B-carboranyl complexes.10–12,34–37 The shorter distance between the
metal center and the bridging H atom (Ru1…H1 = 1.66(6) Å) indicates a strong B-H…M
interaction. Due to this strong 3c-2e bridging interaction which results the attraction of the
metal center towards the B2 vertex of the cluster, a higher distortion of the 2c-2e metalboron bond can be observed. The highly strained metal-boron bond with an exohedral B2B1-Ru1 angle of 69.4(3)° has deviated largely from the unstrained exohedral angle of 120°
and is more closer to the exohedral B-B-X angle reported in (POBBOP)Ru(CO)2 complex
that

has

the

BB>Ru

metallacycle.38
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Furthermore,

a

similar

complex

(POBOP)Ru(Cl)(PPh3), reported by Peryshkov and coworkers exhibit a slightly larger
Ru1…B2 (Ru1…B2 = 2.417(2) Å) and Ru1…H1 (Ru1…H1 = 1.96(2) Å) distance with a PPh3
ligand as the ancillary ligand instead of the acetonitrile ligand reported here that shows a
slightly less strained 2c-2e metal-boron bond (B2-Ru1-B1 = 77.4(1)°).10 Thus, this
indicates the strong affinity of the nitrile ligand in stabilizing the B-H…M interaction when
compared with the previously reported phosphine ligand in (POBOP)Ru(Cl)(PPh3)
complex. The coordination geometry around the ruthenium metal center is octahedral with
a borane B-H bond serving as a ligand trans to the acetonitrile (H1…Ru1-N1 = 178(2)°)
arranged in an almost linear orientation and a chloride ligand trans to the metal-boron bond
arranged in a slightly distorted manner (B1-Ru1-Cl1 = 168.2(2)°) (Figure 4.2).
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Figure 4.2 Displacement ellipsoid plot (50%
probability) of the (POBOP)Ru(Cl)(CH3CN)
complex (2). Atoms belonging to isopropyl
groups of the ligand arms have been omitted
for clarity. Selected bond distances (Å) and
angles (deg): Ru1-B1 = 2.127(6), Ru1…B2 =
2.213(6), Ru1…H1 = 1.66(6), Ru1-Cl1 =
2.482(2), Ru1-N1 = 2.0484(7), N1-C3 =
1.1292(3), B2-B1-Ru1 = 69.4(3), B1-B2-Ru1
= 64.1(3), B1-Ru1-Cl1 = 168.2(2), H1…Ru1N1 = 178(2).
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2.2 Synthesis of (POBOP)Ru(Cl)(C7H8) complex
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Figure 4.3 Synthesis of (POBOP)Ru(Cl)(C7H8) complex (3). Unlabeled cluster vertices
represent BH units.

The reaction of the ligand precursor (1) with dichloro(p-cymene)ruthenium(II)
dimer as the metal source was reacted initially forming the neutral ruthenium carborane
dichloride complex, C2B10H10(OP(iPr2))2Cl2Ru, after heating at 90 °C for two days in a
mixture of toluene and THF. The resultant mixture was reacted with 2,5-norbornadiene, a
bicyclic alkene, resulting the formation of complex (3) in a solution of THF after heating
for two days at 80 °C (Figure 4.3). Formation of the product was monitored by the
appearance of a singlet at 214.51 ppm in the 31P{1H} NMR spectrum corresponding to the
donor arms of the pincer ligand. Single crystals of complex (3) were obtained by the slow
evaporation of a saturated hexane solution at room temperature (Figure 4.4). The metalboron bond distance (Ru1-B1 = 2.077(2) Å) of complex (3) is slightly shorter than complex
(2) while being in the range of two-center-two-electron (2c-2e) Ru-B bonds, indicating the
strong interaction between the cluster and the metal center.10 Furthermore, the longer
Ru1…B2 and Ru1…H1 distances (Ru1…B2 = 3.250(2) Å and Ru1…H1 = 3.27(2) Å),
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indicate the weaker bridging B-H…M interaction (Figure 4.4). Also, the exohedral B2-B1Ru1angle of 113.3(1)°, which is more closer to the unstrained exohedral bond angle of
120°, unlike complex (2) and the literature reported complex (POBOP)Ru(Cl)(PPh3)
complex pertaining to the weaker B-H…M interaction.10 Thus, this can be attributed to the
distorted geometry around the metal center due to the coordination of the norbornadiene
ligand in a h4 coordination mode which is also notable with the distorted arrangement of
the chloride ligand (B1-Ru1-Cl1 = 105.53(6); i.e., B1-Ru1-Cl1 = 168.2(2) in complex (2)).
Another interesting feature is the coordination mode of the norbornadiene ligand,
where one of the C=C is trans to the chloride ligand while the other C=C is trans to the
metal-boron bond (Figure 4.4). The Ru-C distances of the norbornadiene ligand is an
example of the trans influence exerted by the boryl ligand. The two carbon atoms that are
trans to the chloride ligand has a shorter Ru-C bond distance (Ru1-C6 = 2.190(2) Å and
Ru1-C7 = 2.197(2) Å) whereas the two carbon atoms that are trans to the boryl ligand has
an elongated Ru-C bond distance (Ru1-C3 = 2.294(2) Å and Ru1-C4 = 2.280(2) Å). Similar
type of different metal-carbon bond distances has been observed with the coordination of
norbornadiene to a molybdenum metal complex where chloride and carbonyl ligands were
in trans position to the C=C of the norbornadiene ligand.39 Moreover, a slight elongation
of the C=C distance of the norbornadiene ligand has also been observed from the free
uncoordinated molecule (i.e., C3-C4 = 1.382(3) Å and C6-C7 = 1.396(3) Å; free
norbornadiene C=C = 1.343(3) Å). This can be attributed to the back donation of the
electron density by the metal center, which is stabilized through the olefinic bonds of the
norbornadiene ligand.39,40 Due to the h4 coordination of the norbornadiene ligand, the

150

ligand itself is under strain, which can be seen from the slight distortion of the molecule
(i.e., C3-C8-C7 = 100.8(2)°; free norbornadiene C3-C8-C7 = 115(2)°).40

Figure 4.4 Displacement ellipsoid plot (50% probability) of the (POBOP)Ru(Cl)(C7H8)
complex (3). Atoms belonging to isopropyl groups of the ligand arms have been omitted
for clarity. Selected bond distances (Å) and angles (deg): Ru1-B1 = 2.077(2), Ru1…B2 =
3.250(2), Ru1…H1 = 3.27(2), Ru1-Cl1 = 2.4227(5), Ru1-C3 = 2.294(2), Ru1-C4 =
2.280(2), Ru1-C6 = 2.190(2), Ru1-C7 = 2.197(2), C3-C4 = 1.382(3), B2-B1-Ru1 =
113.3(1), B1-Ru1-Cl1 = 105.53(6), C3-C8-C7 = 100.8(2).
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2.3 Synthesis of (POBOP)Ru(Cl)(PEt3) complex
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Figure 4.5 Synthesis of (POBOP)Ru(Cl)(PEt3) complex (4). Unlabeled cluster vertices
represent BH units.

Analogous to the synthesis of complex (3), the reaction of triethylphosphine with
neutral ruthenium carborane dichloride complex, C2B10H10(OP(iPr2))2Cl2Ru, in the
presence of potassium tert-butoxide resulted in the formation of complex (4) after heating
at 70 °C for 24 h in a solution of THF (Figure 4.5). The formation of the complex can be
confirmed by the disappearance of the singlet at 196 ppm corresponding to the donor
phosphinite ligand arms and the appearance of a doublet at 198 ppm with a slight downfield
shift in the 31P{1H} NMR spectrum. Furthermore, the metal coordinated triethylphosphine
ligand gives a broad signal at 44.62 ppm in the

31

P{1H} NMR spectrum. Similar to the

other B-carboranyl complexes, a quartet was observed at -5.81 ppm in the 1H NMR
spectrum corresponding to the bridging borohydride B-H…M. Single crystals of the
complex were obtained from the slow evaporation of a saturated solution of hexane at room
temperature. The structure revealed the coordination of the triethylphosphine ligand trans
to the borane B-H ligand stabilizing the B-H…M interaction (Figure 4.6). The metal-boron
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bond distance (Ru1-B1 = 2.102(2) Å) falls in between complexes (2) and (3). The distance
between Ru1…B2 and Ru1…H1 (Ru1…B2 = 2.373(2) Å and Ru1…H1 = 2.06(3) Å) is
slightly larger than complex (2) (i.e., Ru1…B2 = 2.213(6) Å and Ru1…H1 = 1.66(6) Å)
which has the acetonitrile ligand as the ancillary ligand. Moreover, the Ru1…B2 and
Ru1…H1 distances are in the range of the literature reported (POBOP)Ru(Cl)(PPh3)
complex (i.e., Ru1…B2 = 2.417(2) Å and Ru1…H1 = 1.96(2) Å). Thus, this can be attributed
to the strong B-H…M interactions exhibited by complex (4) with the triethylphosphine
group, when compared to the triphenylphosphine group. The exohedral bond angle of B2B1-Ru1 = 75.5(1)°, also indicates a slight relive of strain when compared to complex (2)
(i.e., B2-B1-Ru1 = 69.4(3)°), even though still deviates largely from the unstrained
exohedral angle of 120°.
The chloride ligand is oriented trans to the boryl moiety with a bond angle of B1Ru1-Cl1 = 159.53(5)° whereas the triethylphosphine ligand is coordinated in a more linear
orientation with a bond angle of H1…Ru1-P3 = 167.8(7)° resulting a slightly distorted
octahedral geometry around the metal center.
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Figure 4.6 Displacement ellipsoid plot (50%
probability) of the (POBOP)Ru(Cl)(PEt3) complex
(4). Atoms belonging to isopropyl groups of the
ligand arms and the ethyl groups of
triethylphosphine have been omitted for clarity.
Selected bond distances (Å) and angles (deg): Ru1B1 = 2.102(2), Ru1…B2 = 2.373(2), Ru1…H1 =
2.06(3), Ru1-Cl1 = 2.4827(5), Ru1-P3 =
2.3271(5), B2-B1-Ru1 = 75.5(1), B1-Ru1-Cl1 =
159.53(5), H1…Ru1-P3 = 167.8(7).

2.4 Synthesis of (POBOP)Ru(PHPh2)(SnCl3) complex
In addition to using the neutral ruthenium carborane dichloride complex,
C2B10H10(OP(iPr2))2Cl2Ru, for the synthesis of B-carboranyl complexes like in the previous
two complexes of 2,5-norbornadiene and triethylphosphine, here in ruthenium carboryne
bis(diphenylphosphine), which features two adjacent 2c-2e metal-boron bonds have been
utilized in synthesizing this novel complex with B-Ru-Sn interaction that has not been
reported previously in literature.
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The reaction of ruthenium carboryne bis(diphenylphosphine) with anhydrous tin(II)
chloride in a solution of THF at room temperature resulted the clean formation of complex
(6) (Figure 4.7). The product formation was monitored using 31P{1H} NMR spectroscopy,
which resulted the disappearance of the triplet at 195.03 ppm corresponding to the two
phosphinite donor arms of the ruthenium carboryne bis(diphenylphosphine) and the
appearance of a new doublet downfield at 201.18 ppm. Thus, this can be attributed to the
dissociation of one of the diphenylphosphine groups from the metal center. Furthermore,
the broad signal corresponding to the two diphenylphosphine groups of the parent
carboryne complex exhibit a downfield from 15.11 ppm to 23.08 ppm. In the 1H NMR
spectrum, a quartet was observed at -8.63 ppm corresponding to the bridging H atom of
the borohydride that has the B-H…M interaction. Single crystals of the complex (6) were
obtained from the slow evaporation of a solution of saturated diethyl ether at room
temperature. The single crystal X-ray structure reveals the dissociation of one of the
diphenylphosphine groups and coordination of the anionic SnCl3 moiety to the ruthenium
metal center resulting a direct Ru-Sn bonding interaction. The 2c-2e metal-boron bond
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distance (Ru1-B1 = 2.131(2) Å) is in the rage of the previously reported 2c-2e metal-boron
bonding interactions.10 Furthermore, the anionic SnCl3 moiety is coordinated trans to the
boryl ligand forming a B-Ru-Sn interaction with a Ru1-Sn1 bond distance of 2.6159(2) Å
and a B1-Ru1-Sn1 bond angle of 166.82(5)° in an almost linear geometry.41–43 The
Ru1…B2 and Ru1…H1 distances (i.e., Ru1…B2 = 2.327(2) Å and Ru1…H1 = 1.85(2) Å) are
close to complex (2) and (4) indicating the strong B-H…M interaction which was also
supported by the strong BH coupling observed in 1H NMR spectrum of the complex.
Diphenylphosphine ligand is oriented trans to the borane ligand with a H1…Ru1-P3 angle
of 173.7(6)° stabilizing the B-H…M interaction. The ligands around the metal center are
arranged in an octahedral geometry with a slight distortion due to the strained metal-boron
bond that has an exohedral bond angle of B2-B1-Ru1 = 73.28(8)°.
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Figure 4.8 Displacement ellipsoid plot (50%
probability) of the
(POBOP)Ru(PHPh2)(SnCl3) complex (6).
Atoms belonging to isopropyl groups of the
ligand arms and the phenyl groups of
diphenylphosphine have been omitted for
clarity. Selected bond distances (Å) and
angles (deg): Ru1-B1 = 2.131(2), Ru1…B2 =
2.327(2), Ru1…H1 = 1.85(2), Ru1-Sn1 =
2.6159(2), Ru1-P3 = 2.3081(4), B2-B1-Ru1
= 73.28(8), B1-Ru1-Sn1 = 166.82(5),
H1…Ru1-P3 = 173.7(6).

Even though there are reports of the anionic SnCl3 moiety coordinating to the
ruthenium metal center resulting a Ru-Sn bonding interaction, this would be the first
example of B-Ru-Sn interaction where a boryl coordinated Ru-Sn bond is formed.
3. Conclusion
Here in, using different synthetic manipulations, an array of transition metal
complexes have been synthesized, containing both the 2c-2e direct metal-boron bonding
interaction as well as the 3c-2e bridging B-H…M interaction with different ancillary
ligands. Furthermore, by using the novel ruthenium carboryne bis(diphenylphosphine)
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complex, the first example of the boryl coordinated Ru-Sn bond was also formed. These
B-carboranyl complexes with different coordination modes can be employed in expanding
the knowledge in variety of catalytic reactions that utilizes different coordination modes in
transition metal complexes.
4. Experimental section
All synthetic manipulations, unless stated otherwise, were carried out either in a
nitrogen-filled VAC drybox or on a dual manifold Schlenk-style vacuum line. The solvents
were sparged with nitrogen, passed through activated alumina, and stored over activated 4
Å Linde-type molecular sieves. Benzene-d6 were degassed and stored over activated 4 Å
Linde-type molecular sieves. NMR spectra were recorded using Varian spectrometers at
400 (1H), 100 (13C), 162 (31P), 128 (11B) MHz, reported in d (parts per million) and
referenced to the residual 1H/13C signals of the deuterated solvent or an external 85%
phosphoric acid (31P(d): 0.0 ppm) and BF3(Et2O) (11B(d): 0.0 ppm) standards. J values are
given in Hz.
1,7-Dihydroxy-m-carborane

and

1,7-OP(i-Pr)2-m-carborane

were

prepared

according to the previously reported literature procedure.44,45 [Ru(p-cymene)Cl2]2, mcarborane

(Katchem),

P(CH(CH3)2)2Cl,

acetonitrile,

2,5-Norbornadiene,

triethylphosphine, anhydrous tin(II) chloride, triethylamine, and potassium tert-butoxide
were used as received.
Synthesis

of

the

C2B10H10(OP(iPr2))2Cl2Ru

neutral
and

ruthenium

ruthenium

carborane
carboryne

dichloride

bis(diphenylphosphine),

(POBBOP)Ru(PHPh2)2 was described in the experimental section of chapter 2.
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complex,

4.1 Synthesis of (POBOP)Ru(Cl)(CH3CN) (2)
1,7-OP(i-Pr)2-m-carborane (30 mg; 0.0735 mmol) and [Ru(p-cymene)Cl2]2 (22.5
mg; 0.0368 mmol, 0.5 equiv.) was dissolved in a mixture of THF and acetonitrile (1 mL).
The reaction mixture was transferred to a J. Young valve. Excess amount of triethylamine
was added to the reaction mixture and heated the reaction at 90 °C for 4 days. The reaction
mixture was filtered inside the glove box and the volatiles were removed from the filtrate
under vacuum to obtain a solid. The solid was washed with hexane (1 mL × 3) to remove
any impurities and dried under vacuum. The product was extracted to diethyl ether (1 mL
× 3) by washing the solid. The volatiles were removed from the diethyl ether fraction to
obtain dark orange color solid. Yield 31 mg, 72%
31

P{1H} (C6D6 & THF): d 202 (s, 2P, Ru-P).

4.2 Synthesis of (POBOP)Ru(Cl)(C7H8) (3)
The neutral ruthenium carborane dichloride complex, C2B10H10(OP(iPr2))2Cl2Ru
(30 mg; 0.0517 mmol) was dissolved in THF (1 mL) and 2,5-norbornadiene (10 mg; 0.1086
mmol, 2.1 equiv.) was added to the solution. The reaction mixture was transferred to a J.
Young valve and heated at 80 °C for 2 days. The resulting solution was filtered inside the
glove box and volatiles were removed under vacuum to obtain an orange color solid. The
solid was washed with hexane (1 mL × 3) to extract the product. (The reaction was carried
out as an NMR scale reaction; NMR yield 60-70%)
31

P{1H} (C6D6 & THF): d 214.51 (s, 2P, Ru-P).
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4.3 Synthesis of (POBOP)Ru(Cl)(PEt3) (4)
The neutral ruthenium carborane dichloride complex, C2B10H10(OP(iPr2))2Cl2Ru
(42.6 mg; 0.0735 mmol) was dissolved in THF (1 mL) and triethylphosphine (19 mg;
0.1617 mmol, 2.2 equiv.) was added to the mixture. Potassium tert-butoxide (18 mg;
0.1617 mmol, 2.2 equiv.) was added to the reaction mixture and heated at 80 °C for 24 h
in a J. Young valve. The reaction mixture was filtered inside the glove box and the volatiles
were removed under vacuum to obtain a reddish orange solid. The solid was washed with
hexane (1 mL × 3) and then with diethyl ether (1 mL × 3) to remove the impurities. (The
reaction was carried out as an NMR scale reaction; NMR yield 45-50%)
31

P{1H} (C6D6 & THF): d 198 (d, 2P, Ru-P), 44.62 (br, 1P, Ru-PEt3).

4.4 Synthesis of (POBOP)Ru(PHPh2)(SnCl3) (6)
Ruthenium carboryne bis(diphenylphosphine) (30 mg; 0.0341 mmol) was
dissolved in THF (1 mL) and anhydrous tin(II) chloride (22 mg; 0.119 mmol, 3.5 equiv.)
was added to reaction mixture. The reaction mixture was transferred to a J. Young valve
and kept at room temperature for 3 days. The reaction mixture was filtered inside the glove
box and the volatiles were removed from the filtrate under vacuum to obtain a solid. The
solid was washed with hexane (1 mL × 3) to remove impurities and the product was
extracted using diethyl ether. (The reaction was carried out as an NMR scale reaction;
NMR yield 55-60%)
31

P{1H} (C6D6 & THF): d 201.18 (s, 2P, Ru-P), 23.08 (br, 1P, Ru-PHPh2)
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4.5 Structure Determination Details
X-ray intensity data were collected at 100(2) K using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames
were reduced and corrected for absorption effects using the Bruker APEX3, SAINT+ and
SADABS programs.46,47 The structure was solved with SHELXT.48,49 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201848,49 using OLEX2.50
4.5.1 X-ray Structure Determination of (POBOP)Ru(Cl)(CH3CN) (2)
The compound crystallizes in the orthorhombic system. The pattern of systematic
absences in the intensity data was uniquely consistent with the space group P212121, which
was verified by structure solution. The asymmetric unit consists of one complex. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in Fourier difference maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) =
1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid
group to the orientation of maximum observed electron density. Hydrogen atoms bonded
to boron were located and refined freely. C-N and C-C distance restraints were used for the
acetonitrile molecule to enforce a reasonable geometry and prevent a bent acetonitrile. This
is likely caused by minor unresolved disorder of the chloride ligand and the acetonitrile.
The largest residual electron density peak in the final difference map is 1.07 e-/Å3, located
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1.15 Å from N1 and 2.4 Å from the ruthenium atom, the latter being a typical Ru-Cl
distance. Trial modeling attempts suggested <6% CH3CN/Cl scrambling. The final
absolute structure (Flack) parameter was 0.007(13).
4.5.2 X-ray Structure Determination of (POBOP)Ru(Cl)(C7H8) (3)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. All hydrogen
atoms were located in difference Fourier maps. Those bonded to isopropyl group carbon
atoms were placed in geometrically idealized positions and included as riding atoms with
d(C-H) = 1.00 Å and Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms and d(C-H) = 0.98
Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl hydrogens were allowed to
rotate as a rigid group to the orientation of maximum observed electron density. Hydrogen
atoms of the carborane cage and the C7H8 substituent were refined freely. The largest
residual electron density peak in the final difference map is 0.59 e-/Å3, located 0.88 Å from
B1 (1.29 Å from Ru1).
4.5.3 X-ray Structure Determination of (POBOP)Ru(Cl)(PEt3) (4)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/c, which was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference Fourier maps before being placed in
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geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.99 Å and Uiso(H) =
1.2Ueq(C) for methylene hydrogen atoms, and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C)
for methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. All hydrogen atoms bonded to boron
atoms were located in difference maps and refined freely. The largest residual electron
density peak in the final difference map is 0.57 e-/Å3, located 0.78 Å from H2.
4.5.4 X-ray Structure Determination of (POBOP)Ru(PHPh2)(SnCl3) (6)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed by structure solution. The asymmetric unit consists of one molecule. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
bonded to carbon were located in difference Fourier maps before being placed in
geometrically idealized positions and included as riding atoms with d(C-H) = 1.00 Å and
Uiso(H) = 1.2Ueq(C) for methine hydrogen atoms, d(C-H) = 0.95 Å and Uiso(H) =
1.2Ueq(C) for arene hydrogen atoms and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for
methyl hydrogens. The methyl hydrogens were allowed to rotate as a rigid group to the
orientation of maximum observed electron density. Hydrogen atoms bonded to boron and
phosphorus were located and refined freely. The largest residual electron density peak in
the final difference map is 0.58 e-/Å3, located 0.79 Å from B1.
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Table 4.1 Crystallographic table for single crystal X-ray data for compounds (2) and (3)
(POBOP)Ru(Cl)(CH3CN)

(POBOP)Ru(Cl)(C7H8)

(2)

(3)

Empirical formula

C16H40B10ClNO2P2Ru

C21H45B10ClO2P2Ru

Formula weight

585.05

636.13

Temperature/K

100(2)

100(2)

Crystal system

orthorhombic

monoclinic

Space group

P212121

P21/n

a/Å

11.2789(4)

15.3313(6)

b/Å

12.2416(4)

13.0103(5)

c/Å

20.4422(7)

15.7310(6)

α/°

90

90

β/°

90

110.501(2)

γ/°

90

90

Volume/Å3

2822.49(17)

2939.1(2)

Z

4

4

ρcalcg/cm3

1.377

1.438

μ/mm-1

0.779

0.754

F(000)

1200.0

1312.0

Crystal size/mm3

0.16 × 0.12 × 0.04

0.2 × 0.09 × 0.04

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)
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2Θ range for data
4.91 to 53.006

4.176 to 60.202

-14 ≤ h ≤ 14, -15 ≤ k ≤ 15, -

-21 ≤ h ≤ 21, -18 ≤ k ≤

25 ≤ l ≤ 25

18, -22 ≤ l ≤ 22

73522

107677

5821 [Rint = 0.0761, Rsigma =

8627 [Rint = 0.0774,

0.0429]

Rsigma = 0.0431]

collection/°
Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters 5821/3/343

8627/0/411

Goodness-of-fit on F2

1.016

Final R indexes [I>=2σ
(I)]

Final R indexes [all data]

1.079
R1 = 0.0371, wR2 = 0.0763

R1 = 0.0316, wR2 =
0.0595

R1 = 0.0501, wR2 = 0.0805

R1 = 0.0592, wR2 =
0.0668

Largest diff. peak/hole / e
Å-3
Flack parameter

1.07/-0.43

0.59/-0.54

0.007(13)
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Table 4.2 Crystallographic table for single crystal X-ray data for compounds (4) and (6)
(POBOP)Ru(Cl)(PEt3)

(POBOP)Ru(PHPh2)(SnCl3)

(4)

(6)

Empirical formula

C20H52B10ClO2P3Ru

C26H48B10Cl3O2P3RuSn

Formula weight

662.14

919.76

Temperature/K

100(2)

100(2)

Crystal system

monoclinic

monoclinic

Space group

P21/c

P21/n

a/Å

12.8008(5)

10.7545(3)

b/Å

11.8654(4)

18.0685(5)

c/Å

21.1630(8)

20.1652(6)

α/°

90

90

β/°

102.166(2)

102.5620(10)

γ/°

90

90

Volume/Å3

3142.2(2)

3824.65(19)

Z

4

4

ρcalcg/cm3

1.400

1.597

μ/mm-1

0.756

1.409

F(000)

1376.0

1840.0

Crystal size/mm3

0.26 × 0.18 × 0.05

0.6 × 0.24 × 0.06

Radiation

MoKα (λ = 0.71073)

MoKα (λ = 0.71073)
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2Θ range for data
4.55 to 58.024

4.138 to 62.07

-17 ≤ h ≤ 14, -16 ≤ k ≤

-15 ≤ h ≤ 15, -24 ≤ k ≤ 26, -29

16, -28 ≤ l ≤ 28

≤ l ≤ 29

140273

116888

8364 [Rint = 0.0621,

12203 [Rint = 0.0457, Rsigma =

Rsigma = 0.0287]

0.0258]

collection/°
Index ranges
Reflections collected

Independent reflections

Data/restraints/parameters 8364/0/381

12203/0/463

Goodness-of-fit on F2

1.044

1.026

Final R indexes [I>=2σ

R1 = 0.0278, wR2 =

(I)]

Final R indexes [all data]

R1 = 0.0227, wR2 = 0.0432

0.0527
R1 = 0.0418, wR2 =

R1 = 0.0312, wR2 = 0.0459

0.0564
Largest diff. peak/hole / e
Å-3

0.57/-0.50

0.58/-0.37

Flack parameter
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CHAPTER 5
FREE THREE-DIMENSIONAL CARBORANE CARBANIONS

Jayaweera, H. D. A. C.; Rahman, M. M.; Pellechia, P. J.; Smith, M. D.; Peryshkov, D. V.
Free Three-Dimensional Carborane Carbanions. Chemical Science 2021, 12, 1044110447
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1. Introduction
Alkali-metalated carbanions are reactive synthetic blocks, which exist as complex
mixtures of aggregates and solvates.1,2 Organolithium reagents, which play an important
role in organic synthesis, dominate the chemistry of these strong carbon-based
nucleophiles, while sodium and potassium congeners remain relatively less studied.3–6
Group 1 organometallic compounds exhibit a variety of coordination modes, spanning
from contact molecules with bridging non-classical covalent bonding to completely
dissociated pairs of ions. These separated ion pairs, which display increased nucleophilicity
due to an essentially uncompensated negative charge on the deprotonated carbon atom,
have attracted significant attention from synthetic organometallic chemists. One successful
strategy for the synthesis of carbanion-containing separated ion pairs, involving the use of
crown ethers to capture metal cations, was pioneered by Power and co-workers for the
synthesis of diarylmethyl and triarylmethyl anions.7,8 Subsequently, several free, discrete,
“naked” carbanion centers have been isolated and structurally characterized, with the
majority being based on sp3-hybridized carbon atoms and often being stabilized by the
presence of silyl or aromatic substituents (Figure 5.1).9–14 Importantly, separated ion pairs
based on sp2-hybridzed carbon atoms of aromatic arenes have not been yet isolated while
the related free phenylide-like carbanions based on heterocyclic carbenes have been
reported.15
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Figure 5.1 Examples of discrete carbanions isolated and
structurally characterized in solid state from literature and in
this work. Unlabeled cluster vertices represent BH units.

In addition to organic reactions involving carbanions, some inorganic
transformations rely upon negatively charged carbon nucleophiles. Icosahedral carboranes
are chemically robust three-dimensional clusters built of carbon and boron atoms
connected by delocalized intracluster bonds.16
The high degree of electron delocalization leads to the remarkable stability of
carboranes and can be described as 3D aromaticity.17–19 The unusual steric and electronic
properties of boron cluster derivatives have been utilized in coordination chemistry,
catalysis, luminescent materials, metal-organic frameworks, polymers, medicine, and
energy storage.20-33 The most commonly studied icosahedral anionic [CB11H12]− and
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neutral C2B10H12 clusters contain relatively acidic C−H bonds (for example, pKa of orthodicarbaborane is ca. 23).16 The major route for carbon vertex derivatization of these
molecules relies on deprotonation of the carbon atom with strong bases (e.g. n-BuLi, iPr3MgCl, or KHMDS). Metalated carborane clusters synthesized in this manner are most
of the time not isolated but utilized in situ in subsequent reactions with organic or inorganic
electrophiles.34–39 Recently, Duttwyler and co-workers reported the synthesis and structural
characterization of a lithiated anionic cluster Li[CB11H11]− containing a lithium-carbon
bond, which shed light on the structure of these nucleophilic intermediates and can be
considered as a 3D analog of phenyllithium.40
In this work, we report the synthesis, structural, and spectroscopic characterization
of deprotonated discrete carboranyl anions, including [C2B10H11]−, which, containing the
“naked” carbanionic center, are the key intermediates in C-vertex functionalization of
carboranes. (Figure 5.1, bottom) These reactive species have been considered elusive for a
number of years, yet the careful utilization of crown ethers yielded stable dissociated salts
of three-dimensional carbanions. The isolated discrete carboranyls can be considered as
organomimetic inorganic three-dimensional analogs of the free phenyl anion.
2. Results and Discussion
Ortho-carborane (C2B10H12) contains two adjacent and weakly acidic C−H bonds
(pKa ca. 23). The use of strong bases, such as alkyllithiums, has been reported to cause
deprotonation of one or both carbon atoms of the carborane depending on the reaction
stoichiometry.34 In our experiments, the addition of either one or two equivalents of
potassium hexamethyldisilazide (KHMDS) to carborane in THF at room temperature
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resulted in the formation of the same single product according to

13

C and

11

B NMR

spectroscopy. The 13C NMR spectrum of the product in THF exhibited signals from the
carbon atoms of the cluster at 62.2 ppm corresponding to the protonated carbon atom and
at 100.1 ppm corresponding to the metalated carbon atom. For comparison, lithiation of
aryls leads to strong downfield shifts in

13

C NMR spectra for metalated carbons.41 The

signal from the remaining protonated carbon atom of the cluster in the 13C NMR spectrum
correlates to the signal in the 1H NMR spectrum at 2.83 ppm (Figure 5.2).
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Figure 5.2 The 13C-1H COSY NMR spectrum of C2B10H11K in THF at room
temperature.

The

11

B{1H} NMR spectrum of the product exhibited five signals, which is

consistent with the Cs symmetry of the molecule. These observations suggest that the
reaction of carborane and potassium hexamethyldisilazide leads to deprotonation of only
one carbon atom and formation of KC2B10H11 (1). (Figure 5.3)
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Figure 5.3 Deprotonation of ortho-C2B10H12 with
potassium hexamethyldisilazide (KHMDS) and
subsequent sequestration of the potassium cation by the
crown ether. Chemical shifts from the signals in 13C NMR
spectra from the carbon atoms of the parent and
deprotonated clusters are listed. Unlabeled cluster vertices
represent BH units.

Crown ethers have been demonstrated to assist in efficient ion-pair separation for a
number of metal alkyls.8 The addition of two equivalents of 12-crown-4 to a solution of
freshly prepared KC2B10H11 in THF led to a color change from pale-yellow to orange. The
new band appeared at 442 nm in the absorption spectrum of (1) in THF upon the addition
of 12-crown-4 (Figure 5.4).
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Figure 5.4 Absorption spectra of KC2B10H11 (1, 3.22 mM in THF) before and after the
addition of 2 equiv. of 12-crown-4 (2 mM in THF).

The 13C NMR spectrum of the reaction mixture at room temperature contained no
signals attributable to the carborane carbon atoms, indicating the occurrence of an
exchange process. Lowering the temperature of the sample to −15 °C led to the gradual
appearance of two broadened signals at 62.0 ppm and 104.3 ppm (cf. 62.2 ppm and 100.1
ppm signals prior to the addition of the crown ether) (Figure 5.5). The observed exchange
process may occur due to coordination/dissociation of the potassium ion to the carborane,
as well as proton exchange between deprotonated and protonated carbon atoms of the
cluster when the potassium cation is complexed with crown ether. Notably, the proton
exchange equilibrium between the singly deprotonated, doubly deprotonated, and fully
protonated forms of ortho-carborane in ethereal solvents has been previously observed.38
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Figure 5.5 Variable temperature 13C NMR spectra of [K(12-crown-4)2][C2B10H11] in
THF. Note the gradual appearance of the signals from the protonated and deprotonated
carbon atom of the cluster upon lowering temperature of the sample.

The reaction between 18-crown-6, which exhibits a strong affinity to potassium
cations, and KC2B10H11 with subsequent crystallization from the THF/toluene solvent
mixture at −30 °C resulted in the formation of extremely air-sensitive orange single
crystals. X-ray diffraction study revealed the structure of [K(18-crown-6)][C2B10H11] (2)
(Figure 5.6). Potassium cations are enclosed within the crown ether cavity by coordination
to its six oxygen atoms. The deprotonated carborane anion and ligated potassium cations
form alternating chains. In this rhombohedral crystal structure, the icosahedral carborane
anion has crystallographic C3v point symmetry and contains only four non-hydrogen cluster
atoms in the asymmetric unit. Therefore, two carbon atoms and one boron atom of the
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cluster were disordered by the crystal symmetry among three positions. Nevertheless, the
closest potassium-cluster contact was found to be 3.586(1) Å, which significantly exceeds
the range for K−C bonds reported in the literature (2.75(3) to 3.247(3) Å).42–44 The
determination of this structure along with 13C NMR spectroscopy data led us to believe that
the complete ion separation is possible for the metalated carborane cluster, and that the
discrete deprotonated carborane anion can be isolated and properly characterized if its
symmetry were lowered to prevent crystallographic disorder. Thus, we utilized 9-iodoortho-carborane that contains one iodine atom attached to a boron atom of the cluster on
the side that is opposite to carbon atoms.45

Figure 5.6 Displacement ellipsoid plot (50%
probability) of [K(18-crown-6)][C2B10H11]
(2). Hydrogen atoms have been omitted for
clarity. Deprotonated carborane cluster is
disordered by the crystal symmetry along its
C3 axis. The closest potassium-cluster contact
K1···C1/B1 is 3.586(1) Å.
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The reaction of 9-iodo-ortho-carborane and KHMDS in toluene, analogously to the
unsubstituted ortho-carborane, resulted in the formation of monometalated species (Figure
5.7).
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Figure 5.7 Deprotonation of 9-iodo-ortho-C2B10H11 with potassium
hexamethyldisilazide (KHMDS) and subsequent sequestration of the
potassium cation by the crown ether. Chemical shifts from the signals in
13
C NMR spectra from the carbon atoms of the parent and deprotonated
clusters are listed. Unlabeled cluster vertices represent BH units.

Introduction of one iodine substituent lowers the symmetry of the cluster and
renders two carbon atoms inequivalent, thus we observed the signals from two isomers of
monodeprotonated clusters in ca. 2:1 ratio in NMR spectra. The

13

C NMR spectrum of

K[C2B10H10I] in THF contained two sets of pairs of signals from the carbon atoms of the
cage: one, corresponding to the protonated C(H), at 58.4/61.4 ppm (major/minor isomer),
and another, corresponding to the deprotonated C(K), at 100.8/86.6 ppm (major/minor
isomer) (Figure 5.8). The assignment of signals from metalated C(K) and protonated C(H)
carbon atoms was corroborated by the DEPT-135 spectrum. Note that the inequivalent
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protonated carbon atoms of the parent 9-iodo-ortho-carborane exhibit signals at 50.2 ppm
and 54.6 ppm in the 13C NMR spectrum.
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Figure 5.8 The 13C NMR spectra of [K(12-crown-4)2][C2B10H10I] in THF before
(middle) and after (top) addition of crown ether. The 13C NMR spectrum of the starting
protonated C2B10H11I is shown on the bottom for comparison.

Addition of 18-crown-6 to the solution of K[C2B10H10I] in THF and subsequent
crystallization from the THF/toluene mixture at −30 °C resulted in the formation of single
crystals. The structure of the metalated 9-I-ortho-carborane was elucidated with the use of
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single crystal X-ray crystallography (Figure 5.9). The crystal structure revealed that, as
expected, 9-I-ortho-carborane is metalated with one potassium atom with the carbon-metal
bond distance of 2.978(1) Å, which is on the longer end of the range of known C-K bond
distances. The potassium atom is also bound to the crown ether and the THF ligand. The
intracluster C1−C2 bond length in the monoanion is 1.682(1) Å, which is slightly longer
than that in the protonated C2B10H11I (1.636(8) Å).46 The remaining protonated carbon
atom of the cluster is located in the para-position opposite to the iodinated boron atom B9.

Figure 5.9 Displacement ellipsoid plot (50%
probability) of [K(18-crown-6)(THF)][C2B10H10I]
(3). Hydrogen atoms except H2 have been omitted
for clarity. Selected bond distances (Å): K1–C1 =
2.978(1), C1–C2 = 1.682(1).

In order to enforce the complete ion separation, we tested the hypothesis that the
coordination of two smaller crown ether ligands will preclude potassium from additional
bonding to anionic carbon atoms of carborane. The addition of two equivalents of 12crown-4 to a solution of K[C2B10H10I] in THF at room temperature led to an immediate
color change from yellow to intense orange. The 13C NMR spectrum of the reaction mixture
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at −15 °C contained a pair of signals corresponding to protonated carbon atoms at 58.6/61.4
ppm (major/minor isomer) and another pair corresponding to deprotonated carbon atoms
at 105.4/90.7 ppm (major/minor isomer). Notably, the signals from the anionic carbon atom
shifted further downfield upon the addition of crown ether.
Single crystals of the product were grown at −30 °C from a THF/toluene solvent
mixture. X-ray diffraction study revealed the complete separation of the cation and anion
in [K(12-crown-4)2][C2B10H10I] (4) (Figure 5.10). The closest K∙∙∙C contacts in the
structure are 5.962(5) Å and 6.019(3) Å, which are out of range for any significant bonding.
Gratifyingly, the potassium cation is coordinated to eight oxygen atoms of two crown ether
ligands and does not have any additional interatomic interactions. No disorder was
observed in this structure due to the lower symmetry of the iodinated carborane cluster.
The high quality of the diffraction data along with the presence of the iodine substituent
opposite to one of the carbon atoms of the cage allowed us to unambiguously assign carbon
and boron atoms of the free cluster anion. Furthermore, the hydrogen atom of the remaining
C−H bond was clearly located in difference Fourier maps, while there was no electron
density observed in the vicinity of the deprotonated carbon atom. The intracluster C1−C2
bond length in the free discrete [C2B10H10I]− anion is 1.677(6) Å, which is similar to that
for its metalated form K[C2B10H10I] (Figure 5.9). Notably, the presence of the carbanion
alters interatomic distances within the cluster, with the carbon-boron bonds for the
deprotonated carbon atom being significantly longer than those for the protonated one. For
example, boron atom B1 which is connected to both C1 and C2(H1) exhibits a longer bond
length (B1–C1 = 1.717(7) Å) than that for the bond to the protonated C2 atom (B1–C2 =
1.671(8) Å).
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Figure 5.10 Displacement ellipsoid plot (50% probability) of [K(12-crown4)2][C2B10H10I] (4). Note the lack of C···K contact and the complete ion
separation. Only a half of the asymmetric unit is shown. Hydrogen atoms on the
boron atoms of the cluster and carbon atoms of the crown ether ligand have
been omitted for clarity. Selected interatomic distances (Å): K1···C1 =
6.019(3), C1–C2 = 1.677(6), C1–B1 = 1.717(7), C2–B1 = 1.671(8). The
analogous distances for another ion pair in the asymmetric unit are K2···C11 =
5.962(5), C11–C12 = 1.674(6), C11–B11 = 1.709(7), C12–B11 = 1.678(7).

The structure of [K(12-crown-4)2][C2B10H10I] is the first example of an
unambiguously spectroscopically and structurally characterized free, discrete deprotonated
carborane anion with the “naked” carbanion center. Prior to this work, the free carboranyl
anion [C2B10H11]− was regarded as elusive and “unlikely to be isolated”.47 Deprotonated
carboranyls have been inferred to exist when paired with organic cations, however, in some
cases these compounds were found to instead contain [C4B20H23]−, which is the product of
the nucleophilic attack of the mono deprotonated carborane cluster on its neutral parent
cage.47,48 The boron-perhalogenated H2C2B10I10, which possesses significantly acidic C−H
bonds (reported pKa is between 2.9 and 4.7), was deprotonated and paired with the
[N(PPh3)2]+ cation; however, the putative PPN salt has been characterized only by mass-
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spectrometry.49 In this work, we demonstrated that “naked” deprotonated carboranyl
anions can be isolated with the use of crown ethers. Given the high degree of electron
delocalization in carboranes, the discrete organomimetic anions reported herein are also
related to the still elusive aromatic free carbanions. Attempts of their synthesis and
isolation have been reported, including unsuccessful utilization of crown ethers with
lithiated aryls.41
The density functional theory calculations of the electronic structure of (4) utilizing
ADF50 with the hybrid PBE0 functional and the ATZP basis set51 confirmed the strongly
nucleophilic character of the isolated discrete carbanion. The HOMO of the [C2B10H10I]–
anion is largely located at the deprotonated carbon atom with some delocalization
throughout the cluster (Figure 5.11). The next lower energy occupied orbital HOMO-1 is
localized at the iodine substituent. The Natural Bonding Orbital (NBO) analysis52 of the
localized lone pair orbital on C1 shows that is composed from s (33%) and p (67%) atomic
orbitals (the composition of this carbon-based hybrid orbital is sp2). The Natural Localized
Molecular Orbital (NLMO) analysis demonstrated that the lone pair orbital on the
deprotonated carbon atom is by 92% composed of the corresponding parent lone pair NBO
on C1 (Figure 5.11).
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Figure 5.11 Plots of the HOMO and the C1 carbon atom lone
pair NLMO for the [C2B10H10I- anion at the isosurface value of
0.035.

Next, we moved our attention to the study of 1,1’-bis(o-carborane) (C2B10H11)2,
which is an analog of biphenyl, being composed of two carborane clusters bound together
through a single C−C bond, thus leaving two C−H bonds amenable to deprotonation.53,54
Analogously to carboranes, metalation of biscarboranes is the main route for their carbon
vertex functionalization.55–57 We found that the addition of two equivalents of KHMDS to
the solution of biscarborane leads to its complete deprotonation as evidenced by the
appearance of two new signals in the

13

C NMR spectrum in THF at 83.2 ppm,

corresponding to the intercluster C−C bond, and 115.5 ppm, corresponding to the metalated
carbon atoms (cf. 65.2 ppm for C(H) and 73.5 ppm for C(C) carbon atoms for the parent
neutral biscarborane) (Figure 5.12). The addition of four equivalents of 12-crown-4 to this
solution led to a slight shift of the signal from the C(C) carbon atom to 83.3 ppm and a
larger shift for the signal from the deprotonated anionic carbon to 117.0 ppm. Notably,
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both resonances were sharp at room temperature, indicating the absence of proton exchange
equilibria in this system as the doubly deprotonated form lacks reasonably acidic hydrogen
atoms.
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Figure 5.12 Double deprotonation of 1,1’-bis(o-carborane)
(C2B10H11)2 with potassium hexamethyldisilazide (KHMDS) and
subsequent sequestration of potassium cations by the crown ether.
Chemical shifts of the signals in the 13C NMR spectra from carbon
atoms of the parent and deprotonated clusters are listed. Unlabeled
cluster vertices represent BH units.

Crystallization from a THF/toluene solvent mixture of the deprotonated
biscarborane with and without added crown ether resulted in the formation of single
crystals suitable for X-ray diffraction study. With no crown ether present, the structure of
[K(THF)2]2(C2B10H10)2 (5) was determined (Figure 5.13). Potassium cations in 5 are
coordinated to the carbon atoms of biscarborane. One of the cations is strongly bound to
both deprotonated carbons of two cages with the bond distances of K2–C1 2.997(1) Å and
K2–C4 2.843(1) Å. Another potassium cation is only weakly bound to one of the cluster
carbons with the K1–C1 bond length of 3.175(1) Å. The metalated carbon atoms of the two
clusters are in a cis- orientation relative to each other.
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Figure 5.13 Displacement ellipsoid plot (50% probability)
of [K(THF)2]2(C2B10H10)2 (5). Hydrogen atoms on boron
atoms of the cluster and on carbon atoms of the THF ligand
have been omitted for clarity except for bridging B−H∙∙∙K
interactions. Selected interatomic distances (Å): K1−C1 =
3.175(1), K2–C1 2.997(1), K2–C4 2.843(1).

In the case of crown ether addition, orange single crystals of [K(12-crown4)2]2(C2B10H10)2·4(THF) (6) were obtained (Figure 4.14). As we envisaged, potassium ions
are entirely enclosed by pairs of crown ether ligands with no metal-carbon bonds (the
shortest C1∙∙∙K1 distance is 6.283(1) Å; the shortest distance between the cation and the
cluster is at 4.664(2) Å between the potassium and one of the boron atoms). The 1,1’-bis(ocarboranyl) dianion, featuring two “naked” carbanionic centers in a trans- orientation
relative to each other, exhibits the elongated intracluster C1−C2 distance of 1.712(1) Å and
the intercluster C2−C2A bond length of 1.532(2) Å. The distance between boron atom B1
of the cluster and the deprotonated anionic carbon atom B1–C1 is 1.724(2) Å, while its
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bond length to the carbon atom connecting to the second cage B1–C2 is significantly
shorter at 1.698(2) Å. The completely dissociated ion pair [K(12-crown-4)2]2(C2B10H10)2
is the first example of a molecular doubly deprotonated free carbanion with a dinegative
charge.

Figure 5.14 Displacement ellipsoid plot (50% probability) of [K(12-crown4)2]2(C2B10H10)2·4(THF) (6). Note the lack of C···K contact and the complete ion
separation. Only a half of the asymmetric unit is shown. Hydrogen atoms on boron atoms
of the cluster and carbon atoms of the crown ether ligand have been omitted for clarity.
Crystallization solvent molecules (THF) are not shown. Selected interatomic distances
(Å): K1···C1 = 6.283(1), C1–C2 = 1.712(1), C1–B1 = 1.724(2), C2–B1 = 1.698(2), C2 –
C2A = 1.532(2) Å.

DFT calculations indicate that HOMO and HOMO-1 of the free biscarboranyl
dianion are localized on the deprotonated carbon atoms (Figure 5.15).

195

Figure 5.15 HOMO, HOMO-1, and LUMO for [(C2B10H10)2]2−
(isosurface = 0.035).

The formation of a “naked” carbanion within the completely separated ion pair in
the presence of crown ether ligands is expected to lead to an increase in its nucleophilic
character. Addition of ortho-carborane to the solution of [K(12-crown-4)2][C2B10H11] led
to the immediate formation of a single product, the previously characterized [C4B20H23]−
anion, at room temperature according to

11

B and

13

C NMR spectroscopy (Figure 5.16).

This product is formed upon nucleophilic attack of the discrete [C2B10H11]− anion on
neutral C2B10H12. Its formation has also been previously reported in the reactions of orthocarborane with sterically hindered N-heterocyclic carbenes.47 The gradual formation of
[C4B20H23] − has also been observed in solutions of the lithiated carborane Li[C2B10H11] in
THF upon prolonged standing (days) at room temperature or at reflux overnight in the
presence of alkali metal halides.38 The facile formation of this product from the reaction of
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[C2B10H11]− and C2B10H12 at room temperature demonstrates the dramatic enhancement of
nucleophilicity of the carboranyl anion upon complete separation of the potassium cation
from the anionic carbon. Notably, this rapid formation of the dimeric [C4B20H23]− cluster
was not observed in the THF solution of [K(12-crown-4)2][C2B10H11] upon standing, as it
apparently requires the presence of the neutral C2B10H12 cluster, or, in other words,
nucleophilic bimolecular decomposition of discrete [C2B10H11]− anions is presumably
precluded by their negative charges.
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Figure 5.16 Reaction of the strongly nucleophilic deprotonated free
carboranyl anion with the parent protonated carborane cluster and the
formation of the two-cage anion [C4B20H23] −. Unlabeled cluster vertices
represent BH units.

3. Conclusions
The utilization of crown ether ligands facilitated the isolation and structural
characterization of “naked” carborane cluster carbanions. This strategy also resulted in the
synthesis of the first dianionic deprotonated biscarborane cluster, containing two
carbanionic centers. The obtained completely separated ion pairs feature non-planar
carbanions stabilized by the three-dimensional boron cluster framework. These electronrich inorganic nucleophiles have been regarded as elusive species prior to this work, and

197

they are related to yet unknown discrete aromatic phenyl anions. The synthesis of reactive
free anionic carboranyl fragments provides an insight into the structure of intermediates in
carbon vertex derivatization and opens a way for broadening the scope of functionalized
molecular boron clusters.
4. Experimental Section
All synthetic manipulations were carried out either in a nitrogen-filled VAC drybox
or on a dual manifold Schlenk-style vacuum line. The solvents were sparged with nitrogen,
passed through activated alumina, and stored over activated 4 Å Linde-type molecular
sieves. Benzene-d6 was degassed and stored over activated 4 Å Linde-type molecular
sieves. NMR spectra were recorded in THF containing traces of C6D6 using Varian
spectrometers at 400 (1H), 100 (13C), 128 (11B) MHz, reported in d (parts per million) and
referenced to the residual 1H/13C signals of the deuterated solvent or an external BF3(Et2O)
(11B(d): 0.0 ppm) standard. J values are given in Hz.
1,1′-bis(o-carborane)54, and 9-I-ortho-carborane45 were prepared according to the
previously reported literature procedures. Ortho-carborane C2B10H12 (Boron Specialties),
18-crown-6 ether, 12-crown-4 ether, and potassium hexamethyldisilazide (KHMDS, 0.7 M
solution in toluene) were used as received.
4.1. Synthesis of [K(18-crown-6)][C2B10H11] (2)
Ortho-carborane (30 mg; 0.208 mmol) was dissolved in toluene (4 mL) in a 20 mL
vial. Potassium hexamethyldisilazide (KHMDS) (0.7 M in toluene, 0.62 mL; 0.437 mmol,
2.1 equiv.) was added to the ortho-carborane solution dropwise and stirred overnight at
room temperature. The volatiles were removed under vacuum from the resulting pale198

yellow color solution to yield a pale-yellow solid. The solid was washed with toluene (1
mL × 2) to remove any impurities and dried thoroughly. The solid was re-dissolved in THF
(2 mL) resulting a pale-yellow solution and 18-crown-6 ether (115 mg; 0.437 mmol, 2.1
equiv.) was added dropwise with the color change to intense yellow/orange. Toluene (1
mL) was added to the solution. Air-sensitive orange crystal formed upon standing in the
freezer at −30 ºC.
13

C (THF, −15 ºC) major isomer: d 105.4 (carborane C

minor isomer: 90.7 (C

), 58.6 (carborane C-H);

), 61.4 (C-H); 68.0 (12-crown-4).

4.2. Synthesis of [K(12-crown-4)2][C2B10H10I] (4)
9-I-ortho-carborane (60 mg; 0.222 mmol) was dissolved in toluene (4 mL) in a 20
mL vial. Potassium hexamethyldisilazide (KHMDS) (0.7 M in toluene, 0.66 mL; 0.466
mmol, 2.1 equiv.) was added to the 9-I-ortho-carborane solution dropwise and stirred
overnight at room temperature. The volatiles were removed under vacuum from the
resulting pale-yellow color solution to yield a pale-yellow solid. The solid was washed
with toluene (1 mL × 2) to remove any impurities and dried thoroughly. The solid was redissolved in THF (2 mL) and 12-crown-4 ether (82 mg; 0.466 mmol, 2.1 equiv.) was added
dropwise with the color change to intense yellow/orange. Toluene (1 mL) was added to the
solution. Air-sensitive orange crystal formed upon standing in the freezer at −30 ºC. Yield:
105 mg, 72%
13

C (THF, −15 ºC) major isomer: d 105.4 (carborane C

minor isomer: 90.7 (C

), 61.4 (C-H); 68.0 (12-crown-4).
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), 58.6 (carborane C-H);

4.3. Synthesis of [K(12-crown-4)2]2(C2B10H10)2 (6)
1,1′-bis(o-carborane) (30 mg; 0.105 mmol) was dissolved in toluene (4 mL) in a 20
mL vial. Potassium hexamethyldisilazide (KHMDS) (0.7M in toluene, 0.32 mL; 0.220
mmol, 2.1 equiv.) was added to the solution dropwise and stirred overnight at room
temperature. A pale-yellow color turbid solution was observed right after the addition of
the base. The resulting solution was dried under vacuum to remove the volatiles to obtain
a pale-yellow solid. The solid was washed with toluene (1mL × 2) and dried. The solid was
redissolved in THF (2 mL) producing an intense yellow solution. 12-crown-4 ether (76 mg;
0.430 mmol, 4.1 equiv.) was added dropwise, resulting in the color change to orange.
Toluene (1 mL) was added to the solution. Air-sensitive orange crystals formed upon
standing in the freezer at −30 ºC.
13

C (THF): d 117.0 (biscarborane C

), 83.3 (biscarborane C-C), 68.4 (12-crown-

4)
4.4. Synthesis of [K(12-crown-4)2][C2B10H11]
Ortho-carborane (50 mg; 0.347 mmol) was dissolved in toluene (4 mL) in a 20 mL
vial. Potassium hexamethyldisilazide (KHMDS) (0.7 M in toluene, 1.04 mL; 0.729 mmol,
2.1 equiv.) was added to the ortho-carborane solution dropwise and stirred overnight at
room temperature. The volatiles were removed under vacuum from the resulting turbid
pale-yellow color solution to yield a pale-yellow solid. The solid was washed with toluene
(1mL × 2) to remove any impurities and dried thoroughly. The solid was re-dissolved in
THF (2 mL) and 12-crown-4 ether (128 mg; 0.729 mmol, 2.1 equiv.) was added dropwise
with color change from yellow color to orangish-yellow.
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13

C (THF, −15 ºC): d 104.3 (carborane C

), 62.0 (carborane C-H), 66.6 (12-

crown-4).
4.5. Structure Determination Details
X-ray intensity data were collected at 100(2) K using a Bruker D8 QUEST
diffractometer equipped with a PHOTON-100 CMOS area detector and an Incoatec
microfocus source (Mo Kα radiation, λ = 0.71073 Å). The raw area detector data frames
were reduced and corrected for absorption effects using the Bruker APEX3, SAINT+ and
SADABS programs.58,59 The structure was solved with SHELXT.60,61 Subsequent
difference Fourier calculations and full-matrix least-squares refinement against F2 were
performed with SHELXL-201860,61 using OLEX2.62
4.5.1. X-ray Structure Determination of [K(18-crown-6)][C2B10H11] (2)
The compound crystallizes in the trigonal (rhombohedral) system. The pattern of
systematic absences in the intensity data ruled out a c-glide symmetry element. Though
disorder precludes unambiguous space group identification, the best solution was found in
the acentric group R3m. The asymmetric unit in R3m consists of consists of a K atom, two
partially occupied fragments of a disordered 12-crown-6 ether ligand, and four nonhydrogen atoms of an uncomplexed carborane cage. There is extensive disorder in the
crystal, affecting the crown ether and the carborane cage. The potassium atom is located
on a site with C3v point symmetry. The crown ether is disordered about this site, and was
modeled with two distinct, partially occupied components. The major component has an
occupancy of 0.806(4) and consists of two oxygen atoms (O1, O2), both located on mirror
planes, and two -CH2- groups (C11, C12) on general crystallographic positions. The minor
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component (occupancy 0.194(4)) consists of one oxygen (O3) and two -CH2- groups (C21,
C22), all on general positions. For refinement, all ether C-O and C-C distances were
restrained to be similar (SHELX SADI). The carborane cage has crystallographic C3v point
symmetry and is generated from four independent non-H atoms (X1-X4) per asymmetric
unit. X-X bond distances were not useful in determining the carbon atom locations, as all
X-X distances are similar. The carbon atoms were assigned to site X1 on the basis of atomic
site occupation factors. Refinement of the X1-X4 site occupancies gave X1 = 1.13(5), X2
= 1.03(3), X3 = 1.03(3), X4 = 0.94(3). Site X1 was therefore the most reasonable candidate
for the carbon site, and was refined as a mixed, disordered C/B site (C1/B1). Sites X2-X4
were refined as 100% boron (B2-B4). The C3v point symmetry of the cage generates three
total symmetry-equivalent C1/B1 sites. The C1/B1 site occupancy was therefore fixed at
2/3 C and 1/3 B to reflect the two total C sites per cage. This resulted in reasonable
displacement parameters for this site, providing some support for the C atom assignment.
All non-hydrogen atoms were refined with anisotropic displacement parameters. Crown
ether hydrogen atoms were placed in geometrically idealized positions and included as
riding atoms with d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C). All four carborane cage
hydrogen atoms were located in Fourier difference maps. Those bonded to boron atoms
B2-B4 were refined freely with B2 and B3 sharing a common isotropic displacement
parameter. To maintain charge balance, the carborane cage must be a monoanion and must
therefore be singly deprotonated. The deprotonation site is also disordered and could not
be directly established, but it is assumed to be disordered over one of the B1/C1 sites. For
refinement this hydrogen (H1) was refined with 2/3 occupancy, reflecting one absent H per
three possible C sites. This treatment produces the required electroneutral composition of
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[Na(crown)+][C2H11B10-], and reasonable H atom displacement parameters. The largest
residual electron density peak in the final difference map is 0.26 e-/Å3, located 1.04 Å from
C1/B1. A refined model in the higher symmetry space group R-3m also gave acceptable
statistics (R1 = 0.053) but produced a centrosymmetric carborane cage, imposing further
B/C disorder that is resolved in R3m. A model in space group R3 yielded similar results as
in R3m but did not further resolve any disorder, and used more refined parameters. The
crown ether disorder was observed in all space groups tried. The absolute structure
parameters at convergence was 0.5(2), and the crystal was therefore refined as an inversion
twin.
4.5.2. X-ray Structure Determination of [K(18-crown-6)(THF)][C2B10H10I] (3)
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of one complex. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
of the crown ether and THF ligands were located in Fourier difference maps before being
placed in geometrically idealized positions and included as riding atoms with d(C-H) =
0.99 Å and Uiso(H) = 1.2Ueq(C). Hydrogen atoms bonded to boron and carbon atoms of
the carborane cage were located and refined freely. The largest residual electron density
peak in the final difference map is 1.20 e-/Å3, located 0.79 Å from O24. This likely arises
from a minor crown ether disorder component, which was not modeled because of its small
occupancy.
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4.5.3. X-ray Structure Determination of [K(12-crown-4)2][C2B10H10I] (4)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space groups P21 and P21/m; intensity
statistics suggested an acentric structure. The solution program XT found P21, which was
confirmed by obtaining a reasonable and stable solution and refinement. The space group
was further checked with ADDSYM, which found no higher symmetry.5 The asymmetric
unit consists of two crystallographically independent but chemically identical
[K(C8H16O4)2]+ cations and two [C2B10H10I]- anions. Boron and carbon sites in the
carborane cage were assigned as follows: The position of one of the two carborane C atoms
is fixed by synthesis, opposite to the iodine atom (C2 and C12). The position of the second
carborane carbon (C1 and C11) in each cage was assigned by evaluating the bond distances
to the surrounding five atoms and the displacement parameters of the candidate sites. There
are five potential sites. For both independent carborane anions, bond distances from the
second C site to the surrounding sites were on average shorter than those of the other
candidate sites (ca. 1.70 vs. 1.75 Å). Secondly, if all five sites were assigned as boron, the
displacement parameter of the C site was significantly smaller compared to the surrounding
sites, indicating greater electron density at that cage site than contributed by a boron atom.
These two observations are consistent with a carbon atom located at sites C1 and C11. The
bond distance and displacement parameter observations also held for the C2 and C12 sites.
Both 12-crown-4 ligands of cation K2 are disordered and were modeled with two
orientations each (O41-O44/C41-C48 A/B and O51-O54/C51-C58 A/B). Major
populations for each ligand refined to: O41A-C48A = 0.792(5) and O51A-C58A =
0.612(9). 1,2- and 1,3- distances within the disordered ligands were restrained to be similar
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to those in the ordered ligand O21-C28 using SHELX SAME instructions. All nonhydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms
of the crown ether ligands were placed in geometrically idealized positions and included
as riding atoms with d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C). Reasonable positions for
the carborane cage hydrogen atoms were located in difference Fourier maps. All but two
(H1(B1) and H12(B12)) could be refined freely. H1 was fixed at d(B-H) = 1.12 Å and both
H1 and H12 were refined with Uiso(H) = 1.2Ueq(B). No electron density was observed in
the vicinity of C1 and C11, calculated down to the 0.25 e-/A3 level. These two carbon atoms
are thus deprotonated sites. The largest residual electron density peak in the final difference
map is 1.52 e-/Å3, located 1.50 Å from H1. This peak is not chemically sensible, and likely
is the iodine atom contribution of a very small disorder fraction of carborane anion I1. Near
the final refinement cycles, the absolute structure (Flack) parameter was 0.16(2), indicating
the data crystal possessed a minor twin component. An inversion twinning matrix was
included in the final cycles, with the Flack parameter as the minor twin volume fraction.

4.5.4. X-ray Structure Determination of [K(THF)2]2(C2B10H10)2 (5)
The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed by structure solution. The asymmetric unit consists of two crystallographically
unique potassium atoms, one carborane species and four THF molecules. One THF (O4,
C41-C44) is disordered over two closely spaced orientations A/B with a major population
of 0.657(8). 1,2 and 1,3 bond distances of both disorder components were restrained to be
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similar to those of ordered THF O1/C11-C14 with SHELX SAME instructions. All nonhydrogen atoms were refined with anisotropic displacement parameters. Those of the
disordered THF atoms were restrained to physically reasonable forms using SHELX RIGU
instructions. Hydrogen atoms were in general located in difference Fourier maps. THF
hydrogen atoms were placed in geometrically idealized positions and included as riding
atoms with d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C). Hydrogen atoms of the carborane
unit were refined freely. The largest residual electron density peak in the final difference
map is 0.49 e-/Å3, located 0.69 Å from H44D.
4.5.5. X-ray Structure Determination of [K(12-crown-4)2]2(C2B10H10)2·4(C4H8O)
(6)
The compound crystallizes in the triclinic system. The space group P-1 (No. 2) was
confirmed by structure solution. The asymmetric unit consists of one [K(C8H16O4)2]+
cation, half of one [C4H20B20]2- dianion and two independent THF molecules. The
[C4H20B20]2- dianion is located on a crystallographic inversion center. One crown ether
ligand of the cation (O21-O24/C21-C28) is disordered over two orientations with a major
disorder population fraction of 0.913(1). The geometries of both disordered crown ether
components were restrained to be similar to that of the ordered crown ether (O11-O14/C11C18) using SAME instructions. Both THF molecules are disordered and were modeled
with three components each. Total occupancies for each THF were constrained to sum to
one, and d(C-O) = 1.44(2) Å and d(C-C) = 1.49(2) Å distance restraints were applied to
maintain chemically reasonable THF geometries. All non-hydrogen atoms were refined
with anisotropic displacement parameters except for the disordered THF molecules
(isotropic). Hydrogen atoms bonded to carbon were located in Fourier difference maps
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before being placed in geometrically idealized positions and included as riding atoms with
d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C). Hydrogen atoms bonded to boron were located
and refined freely. B/C assignments in the unique half-cage were straightforward based on
analysis of the displacement parameters and average distances to the five surrounding
atoms. The difference map clearly confirmed the absence of a hydrogen atom near C1, as
no electron density greater than the 0.22 e-/Å3 level was observed near C1. The largest
residual electron density peak in the final difference map is 0.93 e-/Å3, located 0.90 Å from
C28A.
4.5.6. X-ray Structure Determination of [K2(C12H24O6)2(C4B20H20)]·(C7H8)3

Figure 5.17 Displacement ellipsoid plot (50% probability)
of [K(18-crown-6)]2(C2B10H10)2. Hydrogen atoms on boron
atoms of the cluster and on carbon atoms of the crown ether
ligand have been omitted for clarity. Toluene solvent
molecules are not shown. Selected interatomic distances
(Å): K1−C1 = 3.037(2), K2–C1 = 2.862(2).
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(7)

The compound crystallizes in the monoclinic system. The pattern of systematic
absences in the intensity data was consistent with the space group P21/n, which was
confirmed

by

structure

solution.

The

asymmetric

unit

consists

of

one

[K2(C12H24O6)2(C4B20H20)] complex and three crystallographically independent toluene
molecules. One 18-crown-6-ether ligand (O21-O26, C23-C34) is disordered and was
modeled with two components. The major disorder component occupancy refined to
0.804(2). 1,2- and 1,3- C-C and C-O distances in the minor component were restrained to
be similar to those in the major using a SHELX SAME instruction. Two toluene molecules
(C41-C47 and C51-C57) are disordered with two components each. Geometries of the
minor components were restrained to be similar to those of the major using SAME
instructions. An additional FLAT instruction was necessary to maintain planarity for
C51B-C57B. Major toluene disorder component occupancies refined to C41A-C47A =
0.831(4) and C51A-C57A = 0.890(4). All non-hydrogen atoms were refined with
anisotropic displacement parameters (adps) except for the minor toluene disorder
component atoms (isotropic). Adps of nearly superimposed component atoms of the
disordered crown ether were held equal. Hydrogen atoms bonded to carbon were located
in Fourier difference maps before being placed in geometrically idealized positions and
included as riding atoms with d(C-H) = 0.95 Å and Uiso(H) = 1.2Ueq(C) for arene
hydrogen atoms, d(C-H) = 0.99 Å and Uiso(H) = 1.2Ueq(C) for methylene hydrogen
atoms, and d(C-H) = 0.98 Å and Uiso(H) = 1.5Ueq(C) for methyl hydrogens. The methyl
hydrogens were allowed to rotate as a rigid group to the orientation of maximum observed
electron density. Hydrogen atoms of the bis(carborane) cages were located and refined
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freely. The largest residual electron density peak in the final difference map is 1.07 e-/Å3,
located 0.71 Å from K2.
Table 5.1 Crystallographic table for single crystal X-ray data for compounds (2), (3), (4)
[K(18-crown-

[K(18-crown-

[K(12-crown-

6)][C2B10H11]

6)(THF)][C2B10H10I]

4)2][C2B10H10I]

(2)

(3)

(4)

Empirical formula

C14H35B10KO6

C18H42B10IKO7

C18H42B10IKO8

Formula weight

446.61

644.61

660.61

Temperature/K

100(2)

100(2)

100(2)

Crystal system

trigonal

triclinic

monoclinic

Space group

R3m

P-1

P21

a/Å

14.6250(9)

9.0729(6)

12.2342(4)

b/Å

14.6250(9)

12.0904(7)

15.5074(5)

c/Å

9.4818(7)

14.4358(9)

16.1469(5)

α/°

90

78.659(2)

90

β/°

90

85.435(2)

92.250(2)

γ/°

120

79.339(2)

90

Volume/Å3

1756.4(3)

1524.28(16)

3061.04(17)

Z

3.00006

2

4

ρcalcg/cm3

1.267

1.404

1.433

μ/mm-1

0.255

1.221

1.220
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F(000)
Crystal size/mm3

708.0

656.0

1344.0

0.4 × 0.34 × 0.16

0.44 × 0.4 × 0.2

0.24 × 0.18 ×
0.06
MoKα (λ =

MoKα (λ =

Radiation

MoKα (λ = 0.71073)
0.71073)

0.71073)

2Θ range for data
5.366 to 54.884

4.09 to 71.37

2.524 to 60.128

collection/°
-18 ≤ h ≤ 18, -

-17 ≤ h ≤ 17, -14 ≤ h ≤ 14, -19 ≤ k

Index ranges

18 ≤ k ≤ 18, -12

21 ≤ k ≤ 21, -22
≤ 19, -23 ≤ l ≤ 23

≤ l ≤ 12
Reflections collected

≤ l ≤ 22

8456

84229

1004 [Rint =
Independent reflections

13950 [Rint = 0.0310,

0.0353, Rsigma

Rsigma = 0.0178]

= 0.0183]

144478
17911 [Rint =
0.0421, Rsigma =
0.0248]

Data/restraints/parameters 1004/10/80

13950/0/375

17911/314/925

Goodness-of-fit on F2

1.083

1.080

1.025

Final R indexes [I>=2σ

R1 = 0.0466,

R1 = 0.0235, wR2 =

R1 = 0.0398,

(I)]

wR2 = 0.1151

0.0609

wR2 = 0.1031

R1 = 0.0561,

R1 = 0.0257, wR2 =

R1 = 0.0422,

wR2 = 0.1243

0.0622

wR2 = 0.1049

0.26/-0.18

1.20/-0.53

1.52/-1.11

Final R indexes [all data]

Largest diff. peak/hole / e
Å-3
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Flack parameter

0.5(2)

0.163(17)

Table 5.2 Crystallographic table for single crystal X-ray data for compounds (5), (6), (7)
[K(THF)2]2(C2B10

[K(12-crown-

[K2(C12H24O6)2(

H10)2 (5)

4)2]2(C2B10H10)2

C4B20H20)]·(C7

·4(C4H8O)

H8)3

(7)

(6)
Empirical formula

C20H52B20K2O4

C52H116B20K2O

C49H92B20K2O1

20

2

Formula weight

651.01

1355.84

1167.62

Temperature/K

100(2)

100(2)

100(2)

Crystal system

monoclinic

triclinic

monoclinic

Space group

P21/n

P-1

P21/n

a/Å

14.4831(7)

11.3462(4)

14.5139(6)

b/Å

11.9030(6)

13.3115(4)

19.6651(8)

c/Å

21.6219(11)

13.4954(4)

22.9425(10)

α/°

90

103.5080(10)

90

β/°

108.566(2)

109.0800(10)

99.114(2)

γ/°

90

96.6940(10)

90

Volume/Å3

3533.5(3)

1831.27(10)

6465.5(5)

Z

4

1

4

ρcalcg/cm3

1.224

1.229

1.200

211

μ/mm-1

0.297

0.194

0.201

F(000)

1368.0

726.0

2480.0

Crystal size/mm3

0.44 × 0.28 × 0.24

0.5 × 0.44 × 0.3

0.6 × 0.48 × 0.38

MoKα (λ =

MoKα (λ =

MoKα (λ =

0.71073)

0.71073)

0.71073)

3 to 55.184

3.884 to 60.44

2.742 to 55.132

-18 ≤ h ≤ 18, -15 ≤

-15 ≤ h ≤ 15, -18

-18 ≤ h ≤ 18, -25

k ≤ 15, -28 ≤ l ≤ 28

≤ k ≤ 18, -18 ≤ l

≤ k ≤ 25, -29 ≤ l

≤ 19

≤ 29

63589

99767

164948

8155 [Rint =

10684 [Rint =

14940 [Rint =

0.0621, Rsigma =

0.0366, Rsigma =

0.0735, Rsigma =

0.0312]

0.0158]

0.0322]

Data/restraints/parameters 8155/90/527

10684/133/536

14940/104/944

Goodness-of-fit on F2

1.043

1.036

1.023

Final R indexes [I>=2σ

R1 = 0.0361, wR2

R1 = 0.0479,

R1 = 0.0526,

(I)]

= 0.0868

wR2 = 0.1295

wR2 = 0.1280

R1 = 0.0474, wR2

R1 = 0.0533,

R1 = 0.0738,

= 0.0924

wR2 = 0.1345

wR2 = 0.1411

0.49/-0.42

0.93/-0.58

1.07/-0.75

Radiation
2Θ range for data
collection/°

Index ranges

Reflections collected

Independent reflections

Final R indexes [all data]

Largest diff. peak/hole / e
Å-3
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Flack parameter

4.6. Computational Details
The density functional theory calculations were carried out utilizing SCM ADF
software package.50 Molecular geometries were optimized using the hybrid PBE0
functional and the augmented by diffuse functions ATZP basis set with scalar relativistic
effects considered using the ZORA formalism. Iodine atom was considered within the TZP
basis set. Frequency calculations were carried out to confirm the local minimum results.
Solvent effects (THF) were considered within COSMO model.
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